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ABSTRACT
EXPRESSION, FUNCTION, AND EVOLUTION OF THE SRC FAMILY KINASES
IN CAENORHABDITIS ELEGANS
by
Chery Angel Whipple 
University of New Hampshire, September, 2005
The vertebrate proto-oncogene, Src, is the prototype o f a family of membrane- 
associated protein tyrosine kinases involved in cell signaling pathways that control cell 
growth, development, and differentiation. Activation of Src by mutation or 
overexpression has been implicated in a range of cancers, particularly breast and colon 
cancer. Inappropriate activation of Src has pronounced oncogenic effects on cell 
morphology, adhesion, and motility. Despite its implications in cancer, the normal 
biological role o f Src is not well understood.
I used the nematode C. elegans to investigate the expression, function, and 
evolution o f two src genes (frc-land src-2) utilizing a combination o f genetic, reverse 
genetic, molecular, biochemical, and proteomic approaches. A previously characterized 
src-1 knockout confers a maternal effect lethal phenotype. Arrested embryos exhibit 
abnormalities suggesting that SRC-1 plays an essential role in cell fate decisions, spindle 
orientation, and morphogenesis in the early embryo, src-2 mutant animals appeared wild 
type under all conditions examined. The src-1 src-2 double knockout phenotype was
XI
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indistinguishable from the src-1 single mutant, suggesting that src-1 has a unique, 
essential embryonic function.
Experiments using in-situ hybridization revealed that src-1 (but not src-2) is 
present in the meiotic region of the hermaphroditic gonad, but that mRNA transcripts 
from both genes are present in the embryo. Real-time RT-PCR and expression data from 
a SRC-1 ::GFP reporter construct showed that src-1 and src-2 expression was widespread 
in all larval stages, with the src-1 transcript being detected at considerably higher levels 
than src-2.
In addition to the work described above, I also performed a pilot study examining 
the evolutionary history of this important gene family. Phylogenetic comparisons 
revealed that vertebrate Src and Fyn group together, suggesting that they share a common 
ancestor with one o f the two invertebrate SFK. Finally, I developed a novel proteomic 
approach to identify targets o f Src tyrosine kinase signaling as part of a long term goal to 
understand the pathways and biological role o f SFKs in metazoans. Collectively, this 
research contributes to a better understanding o f the normal expression and function of 
SFKs and provides the groundwork for future delineation o f the pathways and biological 
outcomes of Src signaling.
X ll
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INTRODUCTION
Reversible phosphorylation is probably the most common and important 
mechanism for post-translational regulation of protein function in eukaryotes; it regulates 
such diverse cell processes as DNA replication, cell cycle control, energy metaholism, 
and gene expression and has been implicated in the regulation of cell proliferation, 
migration, differentiation, and survival (Plowman et a i, 1999; Thomas and Brugge,
1997). Protein phosphorylation and dephosphorylation is carefully orchestrated through 
the action of kinases and phosphatases. Protein kinases phosphorylate tyrosine, serine, 
or threonine residues while phosphatases act by removing phosphate groups. Many 
kinases and phosphatases act as part of signaling pathways that transmit activating signals 
from the cell surface to cytoplasmic proteins and the cell nucleus (Scheijen and Griffin, 
2002).
Given the prevalence and importance of protein phosphorylation to so many 
biological processes, it is not surprising that protein kinases constitute the largest group 
of oncogene products. Deregulation of protein phosphorylation can result in loss of 
control over cell growth, motility, and adhesion leading to tumorigenesis. Studies of 
oncogenes has made a major contribution to understanding the role o f protein 
phosphorylation in the control of normal cell growth and differentiation (Cooper, 1995). 
Clearly delineation of the regulation of kinases and phosphatases as well as the pathways 
they interact within is of major importance for understanding their role in tumor 
formation and progression.
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There are several protein tyrosine kinase families, including hoth membrane 
spanning cell surface receptors and membrane-associated nonreceptor protein kinases. 
Receptor tyrosine kinases (RTKs) catalyze transfer of a phosphate from ATP to hydroxyl 
groups of tyrosines on target proteins (Schlessinger, 2000a). All RTKs contain an 
extracellular ligand binding domain and a cytoplasmic domain. The cytoplasmic domain 
contains regulatory sequences that are subject to autophosphorylation and 
phosphorylation by protein kinases (Hubbard et a l, 1998). Examples o f RTKs include 
platelet derived growth factor receptor (PDGFR), epidermal growth factor receptor 
(EGFR), fihroblast growth factor receptor (FGFR), and insulin-like growth factor-1 
receptor (IGF-IR) (Bromann et a l, 2004). There are also many cytoplasmic and/or 
membrane associated cytoplasmic tyrosine kinases. These include Abl, Yes, Fgr, and 
Fes, all of which are oncogenes initially derived from transforming retroviruses.
Src is the prototype member of the highly conserved family o f structurally related 
non-receptor protein tyrosine kinases called the Src family kinases (SFKs). Not only was 
Src the first oncogene protein found to be a protein kinase, it was also the first kinase 
found to phosphorylate tyrosine residues (Cooper, 1995; Cooper and Howell, 1993).
Nine Src family members have been identified in vertebrates including Src, Fyn, Yes,
Fgr, Yrk, Lck, Lyn, Blk, and Hck (Thomas and Brugge, 1997). SFKs are further sub­
divided, due to differences in their primary structures, into two distinct groups. The Src A 
group contains Src, Yes, Fyn, Fgr, Yrk, and Lyn. The SrcB group contains Hck, Lck, and 
Blk (Williams et a l, 1998). All SFKs exhibit several common defining features: an 
amino-terminal myristylation site necessary for membrane localization, a unique region 
which is slightly divergent among SFKs, an SH3 (Src homology) domain that binds
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
proline-rich sequences, an SH2 domain which binds phosphorylated tyrosine residues, a 
catalytic domain containing the tyrosine residue providing kinase activity, and a short 
carboxyl-terminal tail which contains an autoinhibitory phosphorylation site (as 
illustrated in the results, page 50) (Boggon and Eck, 2004; Brown and Cooper, 1996; 
Thomas and Brugge, 1997).
Src kinase activity is itself regulated by reversible phosphorylation. The 
hallmarks o f this regulation are phosphorylation of two invariant tyrosine residues, one 
located near the C-terminus (Tyr527 in chicken c-src) and one in the kinase domain 
(Tyr416 in chicken c-src) (Nada et a l, 1991; Sicheri and Kuriyan, 1997).
Phosphorylation of the C-terminal domain results in inhibition of kinase activity due to 
intramolecular association of the phosphorylated tail with the SH2 domain (Okada et al, 
1991; Okada and Nakagawa, 1989). This closed conformation is stabilized by an 
interaction between the SH3 domain and a proline-rich linker region located between the 
SH2 domain and the kinase domain (Laudano and Buchanan, 1986; Superti-Furga and 
Gonfloni, 1997). The open or active conformation of SFKs relies upon both 
dephosphorylation of Tyr527 by phosphatases and interactions with other proteins that 
disrupt the SH2 or SH3 interactions with the kinase domain (Cooper and Howell, 1993). 
These structural changes expose Tyr416 to phosphorylation by other kinases resulting in 
enhancement of the catalytic activity and overall stabilization of the activated state.
Negative regulation of SFKs through phosphorylation of Tyr527 is often mediated 
by the enzyme c-src kinase (Csk). Csk has been shown to be ubiquitously expressed and 
responsible for C-terminal phosphorylation o f all Src-family members (Okada et a l, 
1991). In mice, the lack of this crucial negative regulator resulted in early embryonic
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
death and neural tube defects due to increased activities o f all SFKs tested (Imamoto and 
Soriano, 1993). Thus loss of Csk can result in overexpression of SFKS which may 
contribute to tumorigenesis. Src family kinases display a broad spectrum of functional 
properties impacting cell growth and differentiation, apoptosis, cytoskeletal alterations, 
cell adhesion, and cell migration (Sawyer et a l, 2001). SFKs have been implicated in 
controlling signal transduction downstream of a variety of cell surface receptors, 
including growth factor receptors and the integrins (Playford and Schaller, 2004). SFKs 
regulate these pathways by phosphorylating substrates in the cytosol and at the inner face 
of the plasma membrane.
Some SFKs (Src, Fyn, and Yes) are widely expressed in mammalian cells while 
others (Blk, Fgr, Hck, Lck, and Lyn) exhibit a more limited expression pattern, being 
restricted to hematopoietic cells (Sawyer et a l, 2001; Thomas and Brugge, 1997). In 
general, Src is ubiquitously expressed in mammals, with highest levels of protein being 
present in the brain (containing three neuron specific isoforms), followed by the kidney, 
lung, muscle, and connective tissue (Jacobs and Rubsamen, 1983; Lowell and Soriano, 
1996). Additionally, blood platelets, neurons, and osteoclasts express 5-2000 fold higher 
than normal levels of the Src protein (Brown and Cooper, 1996).
Fyn expression, like Src, has a wide tissue distribution. Alternative splicing of 
exon 7 creates two isoforms, FynT and FynB, which are exclusively expressed in the T 
lymphocytes and the brain, respectively (Blume-Jensen and Hunter, 2001; Picard et a l, 
2002). Fyn also localizes with centrosomal and mitotic structures and is expressed in the 
mouse notochord (where Src is absent) (Palacios and Weiss, 2004; Yagi et a l, 1994).
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Disruption of the Fyn gene perturhs T-cell receptor-mediated signaling in thymocytes, 
but has minimal effects on mature T-cells (Stein et a i, 1994).
O f all of the Src family kinases, c-src is the one most often implicated in cancer, 
especially breast and colorectal cancer. Colorectal cancer is the fourth most common 
malignancy affecting the Western population and the second leading cause of deaths due 
to cancer (Dehm et a l, 2001). Src has also been strongly implicated in the development, 
progression, and metastasis of pancreatic, prostatic, brain, ovarian, and lung cancer (Irby 
and Yeatman, 2000; Maa et a l, 1995). Src was identified as the transforming element of 
the oncogenic retrovirus, Rous Sarcoma virus (described by Peyton Rous almost 30 years 
ago). This provided the first evidence for the existence of a naturally occurring cellular 
gene, or proto-oncogene, with the capability to cause cancer in mammalian cells (Brugge 
and Erikson, 1977; Martin, 2001). The characterization of Src as a protein tyrosine 
kinase in conjunction with its oncogenic capabilities led to an intense effort to understand 
the structure and lunction of all protein tyrosine kinases and the signaling pathways by 
which cell surface receptors regulate cell growth and proliferation (Martin, 2001).
Biochemical experiments conducted in vertebrate cell lines indicate that Src 
interacts with proteins involved in cell-cell adhesions such as P-catenin, p i20, 
plakoglohin, with cell matrix adhesions such as FAK, Cas, paxillin, cortactin, and with 
transcription factors especially signal transducers and activators o f transcription (STATs) 
(Lipfert et a l, 1992; Martin, 2001; Sakai et a l, 1994). Upstream activators of Src 
include ligand-dependent activation through platelet derived growth factor receptor 
(PDGFR) and epidermal growth factor receptor (EGFR) (Bromann et a l, 2004).
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Elevated levels of c-src and EGFR have been detected in a variety of human 
malignancies, especially those o f the hreast and colon. Overexpression correlates with a 
poor prognosis in some types of breast cancer, potentially due to a synergism between c- 
src and EGFR (Maa et a l, 1995). EGF treatment induces a two-to three-fold increase in 
Src catalytic activity and affects EGF responses including DNA synthesis and cell 
migration (Sato et a l, 1995; Weemink and Rijksen, 1995). When EGFR and c-src were 
co-transfected into fibroblasts, their combined action resulted in increased proliferation, 
invasiveness, and tumorigenesis (Tice et a l, 1999). It is believed that Src cooperates 
with EGFR to initially promote growth during tumorigenesis, but during later stages it 
regulates proteins involved in adhesion and invasion resulting in enhanced metastasis of 
the tumor (Frame, 2002).
Src overactivation can also result from interactions with other viral or cellular 
proteins and/or insufficient inhibitor Csk activity (Irby and Yeatman, 2000). Once 
activated, Src has been shown to signal through a variety o f downstream effector 
pathways including Ras, MAPK, and the phosphorylate phosphoinositol kinase (PI-3- 
kinase). More specifically, overexpression of Src stimulates the assembly o f integrin 
adhesions which enhance the ability of cells to spread (Yeatman, 2004).
Integrins are transmembranous heterodimeric receptors that interact with the 
extracellular matrix (ECM) proteins providing an adhesive function and transducing 
intracellular signals that regulate important biological processes such as cell migration 
and survival (Playford and Schaller, 2004). Focal adhesion kinase (FAK), pl30CAS, and 
paxillin are major components of integrin signaling and have been shown to associate 
with Src in vivo (Thomas and Brugge, 1997). The SH3 domain is critical for localization
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of Src to focal adhesions while the interaction between Src and FAK seems to be 
mediated by both the SH2 and the SH3 domain (Schaller et a l, 1994; Thomas et al,
1998). Src and FAK mediate integrin adhesion turnover that promotes cell motility 
(Westhoff et a l, 2004).
The effect of elevated Src activity in cells appears to be pleiotropic, causing 
altered cell-cell adhesion, apoptosis, angiogenesis, tumor cell growth and invasion as 
characterized by the loss of actin reorganization and reduced ECM adhesion leading to 
cell rounding and detachment (Fincham et a l, 1995; Jones et a l, 2002; Playford and 
Schaller, 2004). Src’s role in angiogenesis occurs through the activation of STAT3 
which induces expression of genes that prevent apoptosis and stimulate cell cycle 
progression {such as the vascular endothelial growth factor (VEGF)} (Irhy and Yeatman, 
2000). Overexpression of activated Src in human colorectal cells leads to an increased 
resistance to apoptosis suggesting that Src may have a role in protection from apoptosis 
(Playford and Schaller, 2004; Windham et a l, 2002).
Src may also be critical for processes underlying physiological plasticity, 
including learning and memory, and pathological plasticity such as pain and epilepsy 
(Kalia et a l, 2004). Several o f the Src-family kinases, and in particular Src, Fyn and 
Yes, have been implicated in response to environmental stresses such as ultraviolet 
irradiation, heat, hypoxia, mechanical stress, and oxidative stress often leading to 
induction of VEGF (and angiogenesis), RAS, and RAF proteins (Aikawa et a l, 1997; 
D evaryeta/., 1992; Mukhopadhyay eM/., 1995; Schlessinger, 2000b).
While we have learned a great deal about the biochemical function of SFKs in the 
context of cell transformation and tumorigenesis, we still do not have a good
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understanding of their normal biological role in metazoans. Arguably the most powerful 
and informative approach to address such questions is genetics via the characterization of 
mutant phenotypes. Targeted knockouts of Src in mouse caused a surprisingly mild and 
restricted phenotype -  osteopetrosis (Soriano et a l, 1991). This disorder is characterized 
by a low rate of bone resorption, with little or no change in the rate of bone formation. 
Incomplete eruption of teeth and thickening of mandibles and facial bones were also 
observed. The pain and difficulty in eating resulted in reduced stature and death (Soriano 
et a l, 1991).
The loss of Fyn in mice is associated with abnormalities in the hippocampus, 
defects in LTP (long term potentiation), reduced myelination, increased fear response, 
enhanced susceptibility o f audiogenic seizures, amygdala kindling, and difficulty in 
spatial learning (Cain et a i, 1995; Grant et a l, 1992; Huerta et a l, 1996; Miyakawa et 
a l, 1994; Miyakawa et a/., 1995; Umemori et a/., 1994). These defects are Fyn specific 
as mice lacking either Src, Yes, or Abl (a related cytoplasmic tyrosine kinase not in the 
Src family) do not show the same symptoms. However, Src and Fyn functions overlap 
enough to fill redundant roles because double knockout Fyn/Src mice die at birth (and are 
smaller in size than wild type mice) (Stein et a l, 1994).
It is clear that the pathways that SFKs, and Src in particular, interact with are both 
diverse and essential. While Src-like kinases have not been detected in plants, algae, and 
protozoa, SFKs are present in essentially all metazoans including poriferans, cnidarians, 
nematodes, annelids, arthropods, echinoderms, and chordates (Robinson et a l, 2000; 
Schartl and Bamekow, 1984). Specifically, c-src related kinases have even been isolated 
in sponges, platyhelminthes, drosophila, and even the most primitive metazoan with
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nerve cells: hydra (Bosch et a l, 1989; Burgaya et a l, 1994; Ottilie et a l, 1992;
Takahashi e ta l,  1996).
The presence of Src-like kinases in all multicellular animals and their highly 
conserved structure and regulation suggests Src family kinases arose early in the 
evolution o f metazoans. It also seems likely that they share conserved functions, acting 
in conserved signaling pathways. We are using C. elegans to investigate the normal 
biological role of Src family kinases. Caenorhabditis elegans provides an excellent 
model system for the study of SFKs for several reasons. First, its genetic simplicity, 
short generation time (less than 4 days), large brood size, and ease of cultivation make it 
easy to work with in the laboratory. Second, its developmental cell lineage is completely 
known and invariant. Third, the recent completion of the genome sequence allows for 
rapid identification of nematode homologs to human/mammalian genes. Finally, the 
availability of a multitude of genetic, reverse genetic, and molecular techniques provide a 
powerful set of tools for elucidation o f the expression and function o f a gene of interest.
I searched the C. elegans genome and identified two Src-like tyrosine kinases: 
5rc-/(Y92FI12A.l) located on the left arm of LGl and src-2 (F49B2.5) located on the 
right arm of LGL The predicted protein sequences contain all of the hallmarks of Src 
family kinases. Sequence comparison of the kinase domains of SRC-1 and SRC-2 
revealed that they are 62% and 64% identical to human c-src and Fyn kinases, 
respectively.
Four Src-like kinases. Dash, Dsrc, Dsrc64, and Dsrc41, have been found in 
Drosophila (Takahashi et a l, 1996). Dash and Dsrc are most similar to vertebrate Abl 
and Tec, respectively (Takahashi et a l, 1996; Thomas and Brugge, 1997); whereas.
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Dsrc64 and Dsrc41 are more closely related to vertebrate c-src (original SFK to be 
identified). Alignment of Src family kinases from a wide range of metazoans was used to 
construct a phylogenetic tree using the neighbor-joining algorithm. The tree shows three 
clades, one o f which consists solely of Src kinases: src-1 and src-2 from C. elegans and 
Dsrc64 and Dsrc41 from D. melanogaster. This indicates that src-1 and src-2 are 
orthologous to Dsrc64 and Dsrc41, respectively, and provides evidence for an 
evolutionary link between nematodes and arthropods (Pandey et a l, 2003).
Analysis of the knockout phenotypes for each o f the C. elegans and Drosophila 
SFKs functionally supports this phylogeny: loss of function mutants in C. elegans src-1 
(Bei et a l, 2002) and over-expression of Drosophila Dsrc64 (Dodson et a l, 1998; 
Takahashi et a l, 1996; Thomas and Brugge, 1997) both cause embryonic lethality. An 
additional role for Src in Drosophila was identified when the loss of Dsrc64 resulted in 
disruption o f eye development indicating that Src is required in specific neuronal 
precursor cells of the eye (Kussick et a l, 1993; Takahashi et a l, 1996). Conversely, loss 
of function mutation in C. elegans src-2 and over-expression of Dsrc41 have no 
appreciable phenotypic consequences.
My studies of Src in C. elegans were based on the isolation of a src-1 mutant 
allele, c/293, through a PCR-based reverse genetic approach by Jennifer Hogan (Bei et 
al, 2002; Hogan, 1999). Characterization of the src-l(cj293) allele revealed that the 
loss-of-function allele produced a Maternal effect lethal (Mel) phenotype and the arrested 
embryos exhibited distinct abnormalities in cell fate decisions (Bei et a l, 2002). The 
goals for my dissertation were to utilize the available molecular tools to gain further
10
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insight into the expression, function, and evolution of Src family kinases, and more 
specifically the function of src-1 and src-2 in C. elegans.
To confirm that src-1 and src-2 are Src family kinases and to investigate the 
evolution of the SFKs, I aligned all available Src and Fyn protein sequences and 
constructed a gene tree. My analysis suggests that vertebrate Src and Fyn form a clade, 
sharing a common ancestor with a single invertebrate SFK.
To address the question of Src function I further characterized the src-l(cj293) 
knockout phenotype, obtained and characterized a src-2 deletion strain, and constructed 
and generated via RNAi a src-1 src-2 double knockout mutant strain. While I thought the 
double mutant might reveal a novel zygotic phenotype, none was observed. Instead the 
double mutant exhibited a Mel phenotype indistinguishable from the src-1 knockout.
This suggests that src-1 and sre-2 fulfill redundant, non-essential roles in the larval and 
adult stages o f the nematode, while src-1 has a unique maternal role essential for 
embryonic development.
This conclusion is supported by expression data from a SRC-1 ::GFP 
transcriptional reporter, semi-quantitative and real-time RT-PCR, as well as embryo and 
gonad in-situs. Consistent with the src-l(cj293) phenotype, the greatest amount of src-1 
mRNA was detected within the embryonic stage (42-fold more transcript than src-2 in 
embryos). Additionally, gonad in-situ data showed src-1 expression in the germline, 
while the src-2 mILNA was absent. Expression of the SRC-1 ::GFP construct revealed the 
presence of SRC-1 in the neurons, body wall muscle, cells lining the vulva, and the 
pharynx. Detection of src-1 mRNA was consistent across life stages and first observed in
11
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late embryos. Finally, 1 am also using proteomics to identify Src targets as part of a long 
term goal to understand the pathways and biological role o f src-1 and src-2 in metazoans.
This thesis presents a phylogenetic analysis of Src-family kinases, a detailed 
analysis o f the normal function and expression of src-1 and src-2 in C. elegans, and a 
novel proteomic approach to identify phosphorylation targets o f C. elegans ’ SFKs. My 
results should contribute to a better understanding of the normal biological role of SFKs 
in all metazoa, as well as their role in cancer. These data will enhance our understanding 
of the role of SFKs in an oncogenic setting and aid in the identification and prediction of 
novel drug targets for inhibition o f tumorigenesis and metastasis.
12
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METHODS
C. elegans Nomenclature
C. elegans nomenclature denotes genes with three lowercase italicized letters 
followed by a dash and a number. Proteins are designated in the same manner as genes; 
however the letters are uppercase and not italicized. Since nomenclature varies in other 
systems, throughout this thesis I will use ‘Src’ and ‘Fyn’ to correspond to Src or Fyn 
genes or proteins found within vertebrates. Additionally, Src in Drosophila will be 
referred to as ‘Dsrc’.
Maintenance o f C. elegans Strains
Table 1 contains a list of all strains used in the experiments described. All strains 
were grown at 20°C on Nematode Growth Media (NGM:17g Agar, 2.5g Peptone per liter, 
and 50 mM NaCl, 25 mM KHPO4  pH 6.0, 1 mM CaCb, 1 mM MgS0 4 , 5 pg/ml 
cholesterol) or in liquid cultures of S-medium (0.1 M NaCl, 50 mM KHPO4  pH 6.0, 10 
mM K-Citrate pH 6.0, 3 mM CaCb, 3 mM MgS0 4 , 5 pg/ml cholesterol, trace metals). 
The worms were îcà Escherichia coli strains OP50 and RRl.
13
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Table 1: C  elesans Strains
Strain Genotype Source
N2 Wild type (Bristol) P. Anderson
TW416 src-1 (cj293) 1/ SzTl[lon-2(e678)]I J. Collins
TW424 src-1 (c/293); sDp2 (I;f) J. Collins
RB936 src-2 (ok819) I CGC
TW446 src-1 (c/293) / src-2 (ok819) I J. Collins
NL2099 rrf-3 (pkl426) II CGC
TW447 rrf-3 (pkl426) II / src-2 (ok819) J. Collins
TWEx448 Ex [SRC-I::GFP / rol- 6  (suI006)] J. Collins
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Synchronous Worm Culture
Worms were harvested from liquid culture through sucrose flotation (Sulston and 
Hodgkin, 1988) and subjected to a 2X bleach solution (50% household bleach, 10% 
NaOH) for 3-5 minutes with shaking until worms burst open. Eggs were washed with 
sterile water 3X and placed on seeded plates (or flash frozen in liquid nitrogen). Worm 
growth was carefully watched until desired stage was reached at which point the worms 
were washed from the plate with sterile water, pelleted in an lEC tabletop centrifuge 
(setting 3 for 30 seconds), washed 2-3X with sterile water, and flash frozen in sterile 1.5 
ml microcentrifuge or 15 ml polypropylene Falcon tubes full of liquid nitrogen.
Construction o f C. elegans Strains
Strain TW446 The src-1 / src-2 double knockout strain, TW446, was constructed 
by crossing RB936 males (produced by heat shock treatment at 30°C for 6  hours) with 
TW416 hermaphrodites (Table 1). Twenty-five Fi wild type hermaphrodites were picked 
singly to a fresh plate. The Fi animals should be heterozygous for both src-l(cj293) and 
.yrc-2(RB936) unless self-fertilization occurred. TW416 segregates wild-type 
heterozygotes, arrested aneuploid embryos, homozygous hermaphrodites that are both 
Squat kinky egl (Ske) and Maternal effect lethal (Mel), as well as Ion males (Hogan,
1999). The Ske phenotype is produced by a background mutation in the TW416 strain 
that is linked but not allelic to c/293. This phenotype was used to identify homozygous 
src-l(cj293) adult worms and to verify that the c/293 was being maintained in the 
population. The F2  generation from a heterozygous Fi worm should produce 25% Ske 
worms. In order to construct a population that is homozygous for the src-2 deletion and
15
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heterozygous for src-l{cj293), PCR was performed on the Fa progeny to confirm the 
presenee o f the src-2(ok819) deletion allele, the lack of the src-2 wild type allele, and the 
presence o f the src-l{cj293) allele. Src-2 primer pairs JC362 / JC363 and JC356 / JC355 
as well as src-1 primers JC360 / JC367 and JC358 / JC359 were used to amplify wild 
type and deletion alleles, respectively (Table 2).
Strain TW447 To construct the RRF-3 / RB936 homozygous strain, TW447, 
RB936 males were crossed with RRF-3 hermaphrodites. Four F, animals were picked 
singly to new plates and allowed to produce Fa progeny. Fifty-six Fa worms were 
transferred singly to fresh plates and allowed to produce offspring. Subpopulations from 
each o f these plates were placed at 25°C to check for sterility (indicating homozygosity of 
RRF-3). PCR was performed on representative worms from plates exhibiting sterility in 
order to identify which population was also homozygous for RB936. The primer pairs 
used were JC356 and JC355 (Table 2). This identified two populations homozygous for 
both RRF3 and RB936.
16
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Table 2: PCR, Sequencing, and Real Time Primers
Primer Sequence (5'-3') Gene Notes
JC 60 GTCAACTTACATTCCCAGCACCTC src-1 exon 5, upper
JC 62 CCTGTCCCTTTGTCATAATCTCAT src-1 exon 6, lower
JC98 ACGCCCCAACAACAGACAGTATT src-1 exon 3, upper
JC 99 ACTCTGGTCGCCCTCTATCC src-1 exon 3, upper
JC 112 TACGCAGGAAAGATACCAAGAAAT src-1 exon 4, upper
JC 113 ATACCGATGATCAGAGAAATGG src-1 exon 4, upper
JC 155 AATTCCTCGGCACATAACCAGTCT src-1 exon 3, lower
JC 156 AAGCCCAAATAATGAAGCAATGTG src-1 exon 6, upper
JC301 TTCAAAAAGGCGATGCTATGT src-1 exon 3, upper
JC 302 AATTCCGAGGGTGCTTCC src-1 exon 6, lower
JC303 AGTTTTCCTTACCGAGACCTTA src-1 intron 3, lower
JC304 GCCGGGGCACAGATGAAA src-1 intron 5, upper
JC320 CCGGAGTTCCAGTTGTTAAAGT src-1 exon 5, upper
JC321 ATGGAATTTGAGTTGGGCATAA src-1 exon 6, lower
JC322 CTCCCCAGCGTGTCAAGTAGTCAG src-2 5' UTR, upper
JC323 TTCCGGCCTTTAGCTTTTTCACAG src-2 exon 6, lower
JC 324 CGATTGCGGCGTCTTCCAGT src-2 exon 1, upper
JC 325 TTCCGGCCTTTAGCTTTTTCACAG src-2 exon 6, lower
JC326 CGCCGTTCGGTTCGTCTCATTC src-2 exon 5, upper
JC327 GTTTGTCCGGGTCGCTTCTCCAG src-2 exon 8, lower
JC328 TCACCGAGATTGTCACG src-2 exon 7, upper
JC 329 AGCCACTTCCACTGTTTG src-2 3'UTR, lower
JC330 AGAAGCCCCACAGACAACGACATT src-2 exon 4, upper
JC331 TTCCGGCCTTTAGCTTTTTCACAG src-2 exon 6, lower
JC332 TTCCATCGGCCTTCCCATACCTCT src-2 exon 5, lower
JC333 TCAGAAGCCCCACAGACAACGAC src-2 exon 4, upper
JC334 GATGTTGCTCGGCGAATAAGT src-1 intron, upper
JC335 TTCATCTGTGCCCCGGCATCA src-1 intron, lower
JC336 CCACACCGTCCCAATCTAC act-1 pT7/T3-18~ exon, upper
JC337 ACAGTGTTGGCGTACAAGTCC act-1 pT7/T3-18~ exon, lower
JC338 TCTAAGCTTGGCAAAGTGCGCTCTATC src-2 Promoter, upper w/ Hind 111
JC339 AGAGGATCCCAAGCCAAAGGAGTTATGACA src-2 Intron 2, lower w/ BamHl
JC340 AGTAAGCTTCGAAAGACGCCTGAATACCAC src-1 Promoter, upper w/ Hind 111
JC 341 AGAGGATCCCCGTTCGGAAACACCCATATC src-1 intron 2, lower w/ BamHl
JC 342 TAAGGATCCCTTGGCAGTGACTCCCTTCC src-2 exon 1, lower w/ BamHl
JC343 TTTGCTGCAGCGTCCCATGTCCGTTTGAT src-2 Promoter, upper w/ PSTl
JC 344 TCCGAGATCTCTTGGCAGTGACTCCCTTCC src-2 1st exon, lower w/ Bgl 11
JC 345 CCGCCGCGATCCACACTAT src-1 upper, 3' end, from cDNA
JC 346 TTAAGGGGAAAAGGCATTGAAAC src-1 lower, 3' end, from cDNA
JC 347 TCACCGAGCTAATGCAGGAGAATC src-2 upper, exon 6, from cDNA
JC348 ACCCGGCGTCGACTTGTTGTAGG src-2 lower, exon 8, from cDNA
JC 349 GCCACCGCCGCTTCTTC act-1 upper, 3' end, from cDNA
JC350 ATGGGCCGGACTCGTCGTATTCTT act-1 lower, 3' end, from cDNA
JC351 TGGCTGCAGAGAATCCAAAGCACTCCTAAAAC src-2 5' UTR, upper w/ pst I
17
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Table 2: PCR. Sequencing, and Real Time Primers Continued
Primer Sequence (5'-3') Gene Notes
JC352 GAGTCGGTCAATCGTGACAGCCATA adaptor odt after A, upper
JC353 GAGTCGGTCAATCGTGACAGCCATA(T)i7 oligodt after A, lower
JC354 GGTTTAATTACCCAAGTTTGAG src-l/src-2 SLl
JC355 TTTCCAAATTCCCACCTA src-2 A upstream o f UTR, upper
JC356 AAAAACTTCCAGCTTACCATA src-2 A lower
JC357 TTTTTCGAGCTTTTCAATGG src-1 upper
JC358 TTCAAAAAGGCGATGCTATGTA src-1 A before A, upper
JC359 AAAAACCTCGCCAAAACTCTG src-1 A intron 3, lower
JC360 AAAAATATCCGCCCACCTCT src-1 A 76 bp after A, upper
JC361 TTAAAAATCTCCCCGTTCATC src-1 A 386 bp after A, lower
JC362 CGAATCGATGCGGAAAAATGTCTA src-2 A exon 3, upper
JC363 GGGCGAGCGGGGATAACC src-2 A intron 3, lower
JC364 CCCCCATCCCAAATTACCCATCT src-2 A intron 3, lower
JC365 ATCGGCTTCTCGTTGGTAATC src-2 exon 4, lower
JC366 ACAAAATTCCTCGGCACATAACCA src-1 exon 2, lower
JC367 AAAACTACAGTAACCCGATGATGA src-1 intron 3, lower
JC368 GCCGATTAACGCCAAAAA src-1 3' end, upper
JC369 ACAAACGCCGAAGTCCTA src-2 exon 8, upper
JC370 CGCGAAAATTGATGGAAGAGGACA src-1 taqman control
JC371 CGGGACCCAACGCAAAAACTATC src-1 taqman control
JC372 TGTCACGTTCGGACGGTTAC src-2 real time upper
JC373 CCCGGCGTCGACTTGTT src-2 real time lower
JC374 ATCCAGGTATGACAAACGCCGAAGTCC src-2 real time probe
JC375 ATGAGATTATGACAAAGGGACAGGT src-1 real time upper
JC376 GGTAGCCCAGCTCGACTTGTT src-1 real time lower
JC377 CCGTATCCGGGAATGCACAATCGT src-1 real time probe
JC378 CGATTGCGGCGTCTTCCAGT src-2 exon 1, upper
JC379 CCTCCGGGCGATAAAATACC src-2 exon 4, lower
18
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DNA Isolation
For large scale DNA isolation, worms were grown in liquid culture for 3-5 days; 
while DNA used for diagnostic PCR (such as to verify a nematode genotype) was 
extracted from single or multiple worms. Both methods are described below.
Liquid Culture After sucrose floatation and washing worms 3X with DNA 
Disruption Buffer (DDB: 0.2 M NaCl, 0.1 M Tris, 0.05 M EDTA, 0.5% SDS, pH 8.5 w/ 
HCl), the worms were resuspended in 0.5 ml of DDB in a 1.5 ml microcentrifuge tube, 10 
pi of proteinase-K (10 mg/ml) was added, the sample was incubated at 65“C for 30 
minutes, an additional 5 pi of proteinase-K was added, and the sample was further 
incubated for 15-20 minutes. The sample was cooled to room temperature and 
phenohchloroform (1:1) extracted 3X. A final chloroform wash was performed to 
remove remaining phenol. The nucleic acids were precipitated with an equal volume of 
isopropanol and placed on ice for 30 minutes. The sample was then pelleted in the 
microcentrifuge at 13,000 rpm for 10 minutes. The pellet was washed with 70% cold 
EtOH and allowed to air dry for 10-15 minutes. Following resuspension in 200 pi of TE 
(10 mM Tris-Cl, 1 mM EDTA, pH 8.0) containing 2 pi RNase A (5 mg/ml), the sample 
was incubated for 30 minutes at 37°C. The RNase treatment was repeated, followed by 
two phenol : chloroform extractions, and a final chloroform wash. The DNA was 
precipitated on ice for 30 minutes with 500 pi of 100% ETOH plus 25pi 3M NaOAc. 
After a 10 minute centrifugation at 13,000 rpm the pellet was washed with 70% ETOH 
and allowed to air dry. The dry DNA pellet was resuspended in 50-100 pi of TE or 
sterile water and stored at -20“C.
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Sinsle or Multiple Worm DNA isolation Worms were picked from NGM plates, 
placed in 50 pi of Worm Lysis Buffer (WLB: 50 mM KCl, 10 mM Tris-HCl pH 8.2, 2.5 
mM M gCb, 0.45% Tween-20, 0.45% NP40, 0.01% gelatin), and incubated in a dry ice / 
ethanol bath for 15 minutes. For enzymatic degradation, 2 pi of proteinase-K (10 mg/ml) 
was added and the sample was incubated for one hour at 65°C. The enzyme was 
inactivated by incubation at 95°C for 15 minutes. The sample was either used for PCR 
immediately or stored at -20°C.
RNA Isolation
Standard RNase-free technique was used, including diethypyrocarbonate (DBPC) 
treatment o f ddHzO used to make solutions (unless purchased RNase free) and baking 
(overnight at 155°C ) of all glassware and utensils. Pellets of frozen worms were quickly 
ground into a fine powder in the presence of liquid nitrogen with a RNase-free pre-chilled 
mortar and pestle. The powder (approximately 200-400 mg of starting tissue) was 
scraped into a sterile falcon 15 ml polypropylene conical tube and kept frozen until all 
samples were ground. Four ml of TRIzol® was then added to each sample and 7-10 
freeze / thaw cycles (in liquid nitrogen and a 60°C water bath) were performed (vortexing 
between each cycle). All subsequent isolation steps were done according to the TRIzol® 
protocol (from Invitrogen Life Technologies Catalog #15596018) with the ‘optional’ 
initial centrifugation added to help remove excess proteins and worm cuticle. RNA 
pellets were dissolved in 200 pi of RNase free (w/o DEPC) water at 60°C and stored at - 
80°C.
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Polymerase Chain Reaction and Electrophoresis
PCRs were carried out in either a PTC-100™ or Perkin Elmer thermocycler. All 
primers utilized are listed in Tahle 2. A typical 25 pi reaction contained 50 mM KCl, 10 
mM Tris-HCl, 0.1% Triton, 1.25 -  2.5 mM MgClz, 0.2 mM of each dNTP, 1 pM of each 
primer, 2.5 U Taq DNA polymerase, and DNA template. Reactions in the Perkin Elmer 
thermocycler were overlaid with 25 pi of sterile mineral oil. Cycling parameters 
included an initial 3 minute dénaturation step at 94°C, followed by 30 cycles of 
dénaturation for 30 seconds at 94°C , 45 seconds at the primer specific annealing 
temperature (52°C -  62°C), and a 1 minute/kb extension at 72°C. A final 10 minute 
extension at 72°C was used to ensure fully synthesized products. For long or difficult 
templates, Taq extender (from Stratagene) was added to improve the yield. Additionally, 
for DNA sequences used in cloning (such as the GFP constructs) Invitrogen’s AccuPrime 
Pfx DNA Polymerase, a “proofreading” enzyme, was used instead of Taq.
After PCR, 10 pi from each reaction was loaded onto a 0.8 - 1% agarose gel in IX 
TAE (40 mM Tris, 20 mM acetic acid, 1 mM EDTA pH 8.0) and separated by 
electrophoresis at approximately 10 V/cm for 1 hour in the presence of ethidium bromide. 
A lOObp or Ikb ladder from New England BioLabs was used as a marker to estimate size 
of resolved DNA fragments. PCR products were purified for DNA sequencing and 
cloning through utilization of a gel extraction or PCR purification kit from Qiagen. 
Primers were designed with Primer Select as part o f the DNASTAR DNA analysis 
program.
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DNA Sequencing
Samples were sequenced using the DYEnamic'^'’^  ET terminator cycle sequencing 
premix kit (Amersham Pharmacia Biotech, Inc.). Purified PCR fragments were 
sequenced using 5-10 pmol primer, 30-90 ng template, and 8  pi of the DYEnamic™ 
premix. Cycle sequencing reactions consisted of 20 cycles at 95°C for 20 seconds, 50“C 
for 15 seconds, and 60°C for one minute. The 20 pi reaction was transferred to a fresh 
1.5 ml tube containing 2pl of sodium acetate/EDTA buffer and SOpl of 95% ETOH and 
placed on ice for at least 15 minutes. After centrifugation in a microcentrifuge (13,000 
rpm) for 15 minutes, the supernatant was aspirated and the pellet was vacuum dried for 2 - 
5 minutes. The DNA pellets were then sent to UNH’s DNA sequencing facility where 
the DNA was sequenced on a A B I377 DNA sequencer. Sequences were assembled, 
aligned, and analyzed using SeqManll, MegAlign, and MapDraw (DNASTAR).
cDNA Synthesis andRT-PCR
cDNA was synthesized following the Ambion RETROscript® instructions 
manual for the 2-step RT-PCR and using Ambion’s Random Decamers or Clontech’s 
Random Hexamers. Prior to cDNA synthesis, RNA samples were DNase treated with 1 
unit of DNase (Turbo DNA-free™, Ambion) for every 15-30 pg of RNA according to 
manufacturer guidelines. The basic steps were as follows: RNA, DNase, and lOX Turbo 
DNase buffer were incubated for 30 minutes at 37°C, 1-3 pi of resuspended DNase 
inactivation reagent was added and gently mixed for 2  minutes, the sample was 
centrifuged at 10,000 rpm for 1.5 minutes, and the RNA was transferred to a fresh tube. 
RNA sample quantity and integrity was determined through both gel electrophoresis and
22
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spectrometry. All samples had a purity value (absorbency at 260 nm/280 nm) of at least 
1. 8  and there was no smearing of either the 28S or 18S rRNA bands.
Semi-Quantitative RT-PCR
Total RNA was isolated (as described previously) from 400 pi worm pellets 
corresponding to all larval life stages (mixed stage, embryo, L I, L2, L3, L4, and young 
adult). Based upon the spectrophotometer readings, the total RNA concentration was 
normalized to 1 pg/pl and DNase treated. The DNase treated samples were then 
separated on an agarose gel and quantification with the spectrophotometer was repeated 
to ensure equal RNA content. cDNA was synthesized as described above and an 
optimization curve of the required PCR conditions was created for both the src-1 and src- 
2 genes (using primers JC345/346 and JC347/348, respectively) as well as for the internal 
control gene actin (primers JC349/350) (Table 2). All primers spanned at least one exon 
and were located at the 3 ’ end of each gene. When setting up PCRs, a master mix 
containing all reagents except the primers was made in order to minimize sample to 
sample variation.
For the determination of the exponential phase, samples were removed from the 
Perkin Elmer Thermocycler every two cycles starting after the completion of the first 10 
cycles and continuing for a total of 34 cycles. A cycle within the middle o f each gene’s 
exponential phase (cycle 24 for both Src genes and 15 for actin) was chosen and used for 
subsequent PCRs where relative band intensity for RNA isolated from each larval stage 
was compared.
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Real Time PCR
The same cDNA synthesized from DNase treated RNA isolated from all larval 
stages and used for the semi-quantitative RT-PCR was used as the template for the real 
time PCR. Taqman primers and probes were designed using the Primer Express software 
from ABI and the parameters described by Bustin (Bustin, 2000; Bustin, 2002). Probes 
were dual labeled (5’ labeled with 6 ’ F AM and 3’ labeled with TAMRA) and HPLC 
purified (Operon). RT-PCR reactions contained the 2X Taqman universal PCR master 
mix, 0.3 pM of each primer, 0.2 pM of the labeled probe, and 0.5 pi of cDNA. PCR 
efficiencies of the src-1 and src-2 primer pairs were determined by setting up a dilution 
series that covered three orders of magnitude and using the equation InT = k -  Ct In (1 -t- 
E) where T is the relative template, Ct is the critical cycle number at which the sample 
crosses the threshold, and E is the efficiency of each primer pair (Bustin, 2000).
Construction o/SRC-l::GFP Constructs
SRC-1 ::GFP Construct This construct was created by fusing the GFP plasmid 
reporter to src-1 ’s promoter upstream regulatory region which was obtained by PCR 
amplification from a genomic clone. The src-1 gene is contained within the yeast 
artificial chromosome (YAC)Y92H12. I obtained Y92H12 from Alan Coulson at The 
Sanger Institute. Since the Y AC contains a gene involved in the biosynthesis of uracil it 
was selected for by growing on minimal media in the absence of uracil. DNA was 
isolated from an overnight yeast culture grown in YPD/ura" as described by Sambrook 
and Russell (Sambrook et a l, 2001). The src-1 insert was 3,508 bp long, including 3,348 
bp upstream of the splice leader site (SLl), all of the first exon (5’UTR), and part of the 
second exon (which contains the start codon). The insert incorporates 62 coding base
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pairs (including the start codon) of the second exon. The src-1 insert was PCR amplified 
using the Pfu proofreading enzyme (Invitrogen), taq extender, and PCR primer pairs 
JC340/34I. To aid in directional cloning of the src-1 insert, the restriction site HinàWl 
was incorporated at the 5 ’end of JC340 and the BamHl restriction site was incorporated 
at the 5 ’ end of JC341. In order to enhance digestion of the restriction sites located at the 
end of the src-1 insert, the insert was cloned into Invitrogen’s Zeroblunt TOPO PCR 
cloning kit vector according to the manufacturer’s recommended conditions. The 
orientation of the inserts was verified through enzymatic digestion which was followed 
by a second digest using restriction enzymes Hindlll (upstream primer) or BamYH 
(downstream primer). The digested DNA was then electrophoresed on an agarose gel 
and the correct size fragments were gel extracted and purified (Qiagen Gel Purification 
Kit). The GFP plasmid vector, pPD95.77 (from Andy Fire), was grown on LB/AMP 
plates and used to inoculate an overnight liquid culture. DNA was isolated using a 
Qiagen plasmid mini-prep kit. This vector was restriction digested with BamHl and 
Hindlll and the purified src-1 inserts were cloned into the 4.493 kb GFP vector. 
Escherichia coli cells, aDH5, were transformed with the SRC-1 ::GFP construct. Plasmid 
preps (Qiagen) were performed on several overnight cultures and the purified constructs 
were verified by DNA sequencing and restriction digestion. The total size of the SRC- 
1::GFP construct is 8.001 kh.
SRC-2::GFP Construct A similar approach (as was used to create the SRC- 
1::GFP construct) was utilized to obtain the src-2 promoter and upstream region. The 
bacterial strain containing the cosmid F49B2 (The Sanger Institute) and grown on LB 
plates containing 50 pg/ml of kanamycin was used as the source o f DNA for the src-2
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insert. DNA was PCR amplified using the Pfu proofreading enzyme (Invitrogen), taq 
extender, and PCR primer pairs JC351/344 which had restriction site sequences added to 
the 5’ end corresponding to Pstl and BglW (respectively). The total length o f the 
amplified src-2 insert is 2.234 kb. It begins 2.104 kb upstream of the SLl site, includes 
the 5’UTR, and ends 92 bp after the start codon found in the first exon. Since the nearest 
upstream gene is located 2.3 kb from the src-2 gene, it is believe that the 2.234 kb src-2 
insert encompasses the promoter region as well.
The src-2 insert was then directionally cloned into matching restriction sites of the 
GFP vector pPD95.77 following the same steps as described for the src-1 construct, 
except that restriction digest of the GFP vector was with Pstl (upstream primer) and 
BamHl (downstream primer). The total size of the SRC-2:: GFP construct was 6.727 Kb.
Microinjections
Injections were carried out with Lisa Maduzia in the Craig Mello lab (UMASS, 
Worchester, MA). Complex arrays were formed by co-injecting the GFP constructs with 
random genomic DNA and the Rol- 6  marker (Fire, 1986; Mello et a l, 1991). The 
concentration of each plasmid was 100 ng/pl. Transformed worms exhibited the roller 
phenotype.
GFP Expression Analysis
GFP expression from reporter constructs was viewed and photographed on a Zeiss 
Axioplan 2 Imaging Microscope with Axiovision Version 4.2 Software located at the 
University o f New Hampshire Image Analysis Facility. Worms were photographed every 
8  hours in order to observe GFP expression at every stage. Expression pattern analysis
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was analyzed with helpful advice from Lisa Maduzia (Craig Mello’s lab, UMASS) and 
Victor Ambros (Dartmouth College, Biology Department).
Gonad in-situ and Probe Synthesis
RNA Probe Synthesis In order to reduce cross hybridization between the src-1 
and src-2 RNA probes, the cDNA sequences of the two genes were aligned with 
MegAlign (DNASTAR). The 5’ region of each gene was chosen because it had the 
lowest level of sequence similarity. To enable detection o f genomic DNA contamination, 
the probe sequences spanned at least one intron junction. Additionally, the src-2 prohe 
played a dual role as a negative control in hybridization studies using the src-2 knockout 
strain, RB936, since the probe sequence was contained within the region deleted in ok819 
(Table 1). cDNA sequences for each gene were PCR amplified using primers JC378/379 
for src-2 and JC301/302 for src-1. The products were PCR purified (Qiagen PCR 
Purification Kit) and cloned using Invitrogen’s ZeroBIunt TOPO PCR cloning kit. The 
vector with each respective insert was then enzymatically digested and DNA sequenced 
to determine the orientation o f each Src sequence. Before in-vitro transcription was 
carried out, the plasmid was linearized through an overnight restriction digest. The src-1 
plasmid was digested with EcoRN  for the positive (antisense strand) probe and with 
BamHl for the negative (sense strand) control. The src-2 plasmid was digested with Pst-l 
(antisense strand) and H indlll (sense strand). The positive control RNA probes were then 
synthesized using Ambion’s Maxiscript Kit and the SP6  promoter sequence; whereas the 
sense probe was synthesized with Ambion’s Megascript kit and the T7 promoter (for hoth 
genes). Both probes had Digoxigenin-11-UTP (Roche) randomly incorporated. A typical 
synthesis reaction included 2.5 pi DNA, 9.5 pi RNase free H 2 O, 2 pi 1 OX Reaction
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Buffer, 1 pi of each ATP, GTP, CTP (10 mM each), 0.6 pi UTP, 0.4 pi DIG labeled 
UTP, and 2pl of SP6/T7 enzyme mix. The reaction was incubated at 37°C for 3 hours at 
which point 50 pi of 2X carbonate buffer (120 mM NaaCOs, 80 mM NaHCOs, pH 10.2) 
and 30 pi of RNase free H 2 O was added. In order to decrease the size of the probe so it 
would be able to cross the cell membrane, the reaction was incubated at 65°C for 40 
minutes. The reaction was stopped by adding 100 pi 0.2 M NaOAc pH 6.0 and the RNA 
was precipitated by adding 20 pi of 4 M LiCl, 10 pi 20 mg/ml tRNA, and 600 pi EtOH 
placed at -20°C for 20 minutes. The sample was then pelleted for 10 minutes (13,000 
rpm) at room temperature, washed with 70% EtOH, resuspended in 150 pi hybridization 
buffer (HB) (5X SSC, 50% deionized formamide, 100 pg/ml salmon testes DNA, 50 
pg/ml heparin, and 0.1% Tween-20), and stored at -20°C.
cDNA Probe Synthesis Mixed stage N2 cDNA were PCR amplified in separate 
reactions using a proofreading Taq and src-2 primers (JC 378/379), src-1 primers (JC 
301/302), K08A8.1 primers (CB105/94), and F35C8.7 primers (CB105/94). K08A8.1, a 
MAP kinase kinase (mek-1), and F35C8.7, a choline transporter-like protein, were used 
as positive controls due to their known expression in the meiotic region of the gonad 
(plasmid constructs and expression information generously provided by Chris Bean at 
Emory University). After separation of 3 pi of each PCR product in a diagnostic gel to 
ensure efficient and equivalent amplification of a single band, PCR samples for each gene 
were combined and PCR purified (Qiagen PCR Purification kit). An asymmetric PCR 
(only one primer was used in each individual reaction) was then performed to generate 
the DIG labeled probe. A typical 25 pi reaction contained: 13 pi ddH2 0 , 2.5 pi lOX 
Accuprime Buffer, 1 pi o f 10 pmole/pl primer, 1 pi Accuprime Taq, 2.5 pi lOX DIG
28
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
DNA labeling mix (Roche), and 5 pi PCR purified cDNA. Sense primers were JC301 
{src-1), JC378 {src-2), and CB105 K08A8.1/F35C8.7. Antisense primers were JC302 
{src-1), JC379 {src-2), and CB94 K08A8.1/F35C8.7. The labeling reaction was 
incubated for 35 cycles. To purify and remove unincorporated dNTPs and primers, the 
PCR product was precipitated hy adding 75 pi of ddîÎ2 0 , 10 pi of IM NaCl, and 3 
volumes of 100% EtOH. The samples were left at -70°C for 30-45 minutes, centrifuged 
at 15,000 rpm for 10 minutes, washed with 70% EtOH, dried, and resuspended in 400 pi 
hybridization buffer. The probe was then boiled for 1 hour and stored at -20°C until use.
Probe Production Assay In order to assay the amount of DIG labeled probe, 1 pi 
of each probe was diluted lOX with 5X SSC, boiled 5 minutes, and cooled on ice. 1 pi 
was spotted on a nitrocellulose membrane, UV-crosslinked, washed twice in 2X SSC, 
twice in PBTw {Phosphate Buffered Saline (PBS) with 0.1% Tween-20. PBS: 137 mM 
NaCl, 2.7 mM KCl, 10 mM Na2 HP0 4 , 2 mM K H 2 P O 4 ,  pH 7.4}, and blocked for one 
hour in PBTw. The strip was then incubated 60 minutes with Alkaline Phosphatase (AP) 
conjugated-anti-DIG (Fab2 fragments, Roche) diluted 1:2000 in PBTw. After three 10 
minutes washes in PBTw and two 5 minute washes in staining solution (100 mM NaCl, 5 
mM MgCb, 100 mM Tris pH 9.5, 0.1% Tween-20, 1 mM levamisole), the membrane 
was developed in staining solution containing BCIP/NBT (Sigma: one tablet in 10 ml of 
staining buffer) for 10 minutes. Results (purple color) were seen within 20 minutes.
Gonad Dissection An egg prep was performed (as described previously) and eggs 
were placed on seeded plates. At the young adult stage (or one day post L 4 ) ,  as many 
worms as could be dissected in 15 minutes (100-200) were washed from the plate with 
PBS, washed twice, and resuspended in 1-3 ml of PBS with 0.2 mM levamisole. The
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worms were transferred to a small glass dish with a flat bottom (Carolina Supply) and 
dissected by decapitation at the level of the pharynx. This was completed by moving two 
2616 gauge syringe needles in a scissors motion. Worms were fixed at room temperature 
for two hours with 7-9 ml of Fixing Buffer (3% paraformaldehyde, 0.25% glutaraldehye, 
0.1 M K2 HPO4 , pH 7.2). After fixation, worms were transferred to siliconized 
(Bnvirocoat, EM Sciences) 15 ml Falcon conical tuhes and washed twice (spins were in a 
lEC clinical table top centrifuge on setting 3 for one minute) with 3-5 ml PBTw. The 
worms were then stored at -20°C in 5 ml 100% MeOH for up to a week before continuing 
with the in-situ.
Gonad in-situ The Schedl lab’s protocol (http://www.genetics.wustl.edu/tslab) 
was utilized with the following basic steps: proteinase K (50 pg/ml in PBTw) digestion 
for 30 minutes at room temperature, wash 3x with PBTw, fix for 15 minutes in fixing 
buffer, wash twice with PBTw, incubate 15 minutes in PBTw containing 2 mg/ml 
glycine, wash 3X in PBTw. The gonads were then hybridized with the diluted (1:10) 
RNA probes for 36 hours in a 48°C water bath. After washing the gonads in 
hybridization buffer and gradually back into PBTw, a 15 minute blocking with PBTw 
with 0.5 mg/ml BSA (Bovine Serum Albumin, restriction enzyme grade) was carried out. 
For detection of the probes, the gonads were allowed to incubate overnight at 4“C in the 
presence of the AP-anti-DIG at a 1:1000 dilution. Following several washes in PBTw, 
PBTw/BSA, and finally Staining Buffer (100 mM NaCl, 5 mM M gCb, 100 mM Tris pH 
9.5, 0.1% Tween-20, 1 mM Levamisole), the gonads were transferred (with pulled glass 
pipet) to staining buffer containing BCIP/NBT (Sigma, one tablet in 10 ml o f staining 
buffer) and 100 ng/ml DAPI (Sigma) and allowed to sit in the dark until a strong signal
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was detected (10 minutes to 2 hours). The reaction was then stopped by washing the 
gonads 3X with PBTw and resuspending the gonads in PBS containing lOOng/ml DAPI. 
The gonads were mounted on a clean microscope slide by adding 30 pi o f  90% glycerol 
on the slide and covering with a 24 x 50 mm coverslip. After analysis, slides were stored 
at 4°C in a wet chamber.
Embryo in-situ
In-situ hybridization of worm embryos was performed as adapted from Seydoux 
and Fire(Seydoux and Fire, 1995). The four main steps were 1) permeabilization and 
fixation, 2) hybridization of probes, 3) stringency washes, and 4) detection staining of 
embryos. 1 ) permeabilization and fixation of worms: worms were washed from 1 0  large 
plates with PBS, pelleted, digested (with agitation) for 3-5 minutes with hypochlorite 
solution (used in egg preps), and washed 3-5X with PBS. 10-15 pi o f eggs were 
transferred to a polylysine (Sigma) treated slide (autoclavable brown slides with 3 square 
14x14mm wells from Cel-Line Associates Inc.). Only the center and outer wells were 
used. Embryos were then overlaid with a glass coverslip, pressed gently, and placed on a 
dry ice block for at least 10 minutes. In order to crack the embryo’s cuticle, the 
coverslips were quickly flicked off, and the slides were immersed in Wheaton Jars 
containing 100% MeOH for 5 min at -20°C. The emhryos were rehydrated with the 
following one minute washes: 90% MeOH in H2 O, 70% MeOH in PBS, 50% MeOH in 
PBS, 50% MeOH in PBS, and two (five minute) washes in PBTw. An optional 
proteinase-K digestion (protocol was tried both with and without this step) could be 
incorporated at this point (for digestion o f embryos after the lima-bean stage). This 
digestion was carried out at a concentration of lOpg/ml in PBTw for 15 minutes.
31
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
followed by a two minute wash with 2mg/ml glycine in PBTw and two 5 minute washes 
in PBTw. The embryos were then fixed by incubating for 20 minutes in formaldehyde 
fixative solution (IX  PBS, 0.08 M HEPES pH 6.9, 1.6 mM MgS0 4 , 0.8 mM EOT A,
3.7% formaldehyde), washing twice for five minutes in PBTw, once for 5 minutes in 2 
mg/ml glycine/PBTw, and 3X 5 minutes in PBTw. 2.) Hybridization: fixed embryos 
were prehybridized at room temperature for 10 minutes in PBTw:HB (1:1), 10 minutes in 
HB, and 1-4 hours at 48°C in previously boiled HB. 30pl o f probe (boiled for 10 
minutes and cooled on ice) diluted 1:3 or 1:5 in HB was added to each individual well. 
Each well was covered with a parafilm coverslip, sealed with rubber cement, placed in a 
humidity chamber, and left overnight in the 48°C hybridization oven. 3.) Washes and 
detection: the parafilm coverslips were removed and slides were washed 2X -  15 
minutes at 48°C in HB, 3:2 HB:PBTw, 1:4 HB:PBTw, and PBTw. Blocking in PBT 
(0.1% Triton-X 100, 0.1% BSA in PBS) was carried out for two 20 minute incubations at 
room temperature with slight agitation. 30 pi of the AP-anti-DIG diluted 1:1000 in PBT 
was added to each well which was then covered with a parafilm coverslip, glued with 
rubber cement, placed in a humidity chamber, and incubated at room temperature for 2  
hours or overnight at 4°C. 4.) Staining: the slides were washed 2X-5 minutes in 30pl of 
staining solution containing NBT/BCIP with 1 pg/ml of DAPI was added, and the 
reaction was allowed to develop in the dark for 20 minutes to one hour. The reaction was 
stopped by washing in PBS 2X with slight agitation. 10 pi o f 70% glycerol and a glass 
coverslip was added to each well.
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RNAi
The src-1 RNAi construct (Craig Mello, UMASS) containing an AMP resistance 
gene and transformed into TET resistant bacteria was streaked on 50 pg/ml AMP/TET 
plates. A 2 ml overnight culture was used to inoculate 500 ml of Terrific Broth (Per 
Liter: 12 g Tryptone, 24 g yeast, 4 ml glycerol, 2.31 g KH2 PO4  monobasic, 12.54 g 
K2 HPO4  dibasic) and 50 pg/ml of AMP. After allowing the bacteria to grow for 8-12 
hours, they were collected by pelleting for 5 minutes at 6,000 rpm and resuspending in 
20-40 ml (depending on size of pellet) o f M9 buffer (dilute M9 salts lOX and add 1 ml of 
IM MgS0 4  per liter. M9 salts: 30 g KH2P04, 60 g Na2 HP0 4 , and 5 g NaCl). When 
ready to seed NGM plates (containing 50 pg/ml of AMP andl mM IPTG), IPTG was 
added to the bacteria to a final concentration of 1 mM. The bacteria were allowed to 
grow for 1-3 days at which point worms at the L3 stage or younger were placed on the 
plates. The effectiveness, > 90% Maternal Effect Lethal (MEL), o f the each new batch of 
RNAi bacteria was tested before large scale worm isolation was completed.
Large Scale Worm Isolation for Western Analysis
N2 and RB936 worms were grown separately on 100-250 large petri dishes 
containing either regular NGM or RNAi NGM (containing 50 pg/ml AMP and 1 mM 
IPTG) seeded with the respective bacterial strains. Worms were harvested from liquid 
culture, an egg prep was performed, and a drop of eggs (approximately 1 - 2  pi of total 
eggs) was placed on each seeded plate. Worm growth was closely monitored and at the 
desired stage (either at the L3/L4 stage or at the L4/adult stage) worms were washed by 
flooding the plate with ddH2 0 , gently scraping the plate with a sterile 1 0 ml glass pipet, 
and carefully pouring the wash into 50 ml conical tubes. The worms were allowed to
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settle, the supernatant was aspirated, and worms of the same treatment were combined 
and washed 2 X with ddH2 0  before being flash frozen (in 1 ml aliquots) in liquid N 2 . 
Pellets were stored in liquid nitrogen until ready for protein isolation.
Protein Isolation and Immunoprécipitation
Pellets were ground into a fine powder in the presence of liquid nitrogen with a 
mortar and pestle. The powder was scraped into a 15 ml falcon tube and an equal volume 
of ice-cold NP40 buffer (10 mM EDTA, 10 mM Tris pH 7.4, 10 mM NaCl, 1% NP40; 
added immediately before use: 0.025 mg/ml leupeptin, 1 mM PMSF, 0.5 mM DTE, 0.1 
mM benzamidine, 0.025 mg/ml aprotinin) was added. Depending on the size of the 
pellet, it was either homogenized in a cold glass homogenizer or pseudo-homogenized 
with a glass rod. The sample was then centrifuged at 12,000 rpm for 5 minutes. The 
supernatant was removed, quantitated by performing a BCA™ protein assay (Pierce), and 
stored at -80°C or in liquid nitrogen.
The supernatant was precleared with protein A beads (Laudano and Buchanan, 
1986) to reduce non-specific binding. Immunoprécipitations were carried out using the 
Anti-Phosphotyrosine Immunoaffmity Purification Kit (Upstate Cell Signaling 
Solutions). In a 1.5 ml eppendorf centrifuge tube, 400 pi of precleared supernatant was 
combined with 100 pi of a 50% slurry o f phosphotyrosine beads. The samples were 
placed at 4°C and gently rocked for 30 minutes. Beads were washed 5X with 1ml of 
NP40 buffer. Two consecutive elutions were carried out. For each elution: lOOplof 
Elution Buffer (containing 100 mM phenylphosphate. Upstate) was added to the beads 
and placed on ice and mixed (by flicking) constantly for 30 minutes. The supernatant was 
removed and placed in a clean 1.5ml tube. 2X SDS sample buffer (2.3% SDS, 10%
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Glycerol, 0.002% bromophenol blue, 0.0625M Tris-HCl, pH 6 .8 ; with 50 pl/ml |3- 
mercaptoethanol added immediately before use) was added and the entire sample was 
boiled for 5 minutes, spun down, and either loaded immediately on a polyacrylamide gel 
or stored at -80°C.
Western Blot Analysis
Once separated by SDS-PAGE (Criterion Precast 4-15% Gradient gel), the 
proteins were electrophoretically transferred overnight at 200 mA to a nitrocellulose 
membrane (Schleicher & Schuell) (Towbin et al., 1979). To block non-specific binding, 
the membrane was incubated in PBSTw containing 10 mg/ml BSA for 60 minutes. After 
two quick rinses with PBSTw, the membrane was subjected to one 15 minute wash and 
two 5 minute washes with PBSTw. The primary antibody, Anti-Phosphotyrosine Mouse 
Monoclonal IgGib'^ (Upstate Cell Signaling Solutions), was diluted 1:2000 in 
PBSTw/BSA, filtered through a 0.45 pm Millipore filter, and incubated with the 
membrane for 60 minutes. Following the same series of washes as described above, the 
secondary antibody, Anti-mouse IgG Horseradish Peroxidase from sheep (Amersham 
Biosciences), was diluted (and filtered) 1:2000 in PBSTw/BSA and allowed to bind for 
60 minutes. The membrane was washed in PBSTw and then washed 5X for 5 minutes in 
ddHiO to remove the Tween-20 and remove the grey haze sometimes produced in the 
presence of the chemiluminescent (ECL) detection reagents (Amersham and/or Pierce).
Mass Spectrometry
Samples were run on a precast large denaturing polyacrylamide (4-15% gradient) 
gel (Jule, Inc.) at 100 Volts for 5 hours in a Hoefer SE 600 gel apparatus. The gel was
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washed 3 X for 5 minutes with ddHiO and allowed to sit overnight in the presence of 
ProtoBlue'^'^ Colloidal Coomassie Stain (National Diagnostics). The gel was then 
destained in several washes of ddH2 0  until the background was clear. The desired bands 
were cut from the gel with a sterile razor blade and placed in a clean 1.5 ml 
microcentrifuge tube with 30 pi of ddH2 0 , The samples were sent to the Taplin 
Biological Mass Spectrometry Facility, Flarvard Medical School, for protein and 
phosphorylation site identification.
Large Scale Immunoprécipitation for Identification of Phosphopeptome
Protein was isolated as described above. Frozen pellets were thawed on wet ice 
and similar samples (from different isolation dates) were combined. Two columns were 
made from a 5 ml syringe packed with siliconized glass wool and 1 ml of packed protein- 
A beads (previously washed 3X with NP40 buffer). 10ml of NP40 buffer was passed 
through the column (to adjust flow rate), combined protein samples were then allowed to 
run through the preclearing column (set up at 4°C). The precleared protein was collected 
into a glass flask placed on ice along with 3ml NP40 buffer used to wash any remaining 
unbound protein from the beads. Two additional columns were made from a 2 ml 
disposable plastic pipet (top of bulb cut off) with siliconized glass and 1 0 0  pi packed 
phosphotyrosine beads (from the Anti-Phosphotyrosine Immunoaffinity Purification Kit, 
Upstate Cell Signaling Solutions). Each column was washed with 5 ml of NP40 buffer 
before the addition o f the precleared protein. Each column was run for 2-3 hours at 4°C. 
Beads were removed from the pipet by inverting a 200pl pipet tip (attached to a syringe) 
into the end of the pipet and gently forcing NP40 buffer through the column. The beads 
were collected in a 1.5 ml eppendorf tube, washed 3X with NP40 buffer and 3X Tris-HCl
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100 mM pH 8 . After the addition of 20 pg (120 pi) of trypsin (Promega sequencing 
grade) and EDTA (to a final concentration of 1 mM) the beads were incubated overnight 
at 37“C with rocking. After spinning down the beads, the supernatant was removed and 
saved on ice. The beads were washed once with 150pl of 2X SDS sample buffer with (3- 
mercaptoethanol. This last supernatant was combined with the first supernatant, boiled 
for 3 minutes, cooled to room temperature, and 2.5 ml (1 OX volume) o f 1% NP40 was 
added. Half of each sample (1.25 ml) was placed on 100 pi of phosphotyrosine beads 
and rocked at 4“C for four hours, at which point the supernatant was removed (and stored 
at -80°C) and the second half of the sample was added to the beads. After the second 
four hour incubation, the phosphotyrosine beads were washed 3X with binding buffer. 
Finally, the peptides bound to the beads were eluted with 120 pi of phenylphosphate 
(tubes were placed on ice and flicked constantly for one hour).
Phylogenetic Analysis
Sequences were collected using NCBFs protein-protein BLAST (BLASTp), the 
Swissprot database, and src-1, src-2 or human Src/Fyn as sequence inquiries. Protein 
alignments were constructed with ClustalX, corrected by eye and through the use of the 
alignment program, CUTTER. CUTTER is an alignment program, developed by Matt 
Bemus and Kelly Thomas (Hubbard Center for Genome Studies, University of New 
Hampshire, Durham NH), that performs a series of logical steps to identify and remove 
potential ambiguities based upon two basic parameters: 1.) Walls: a position where all 
(or some fraction as determined by the researcher) nucleotides or amino acids must be the 
same 2.) Columns: a position in an alignment where all sequences must have a nucleotide 
or amino acid (not a putative insertion). For this work, CUTTER values were set at 0.3
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for walls and 0.45 for columns (see Appendix for final alignment). Both Neighbor- 
Joining and parsimony phylogenetic trees were constructed in PAUP using the final 
alignment and the default distance and parsimony settings (step-wise additions for the 
Neighbor Joining analysis and groups with frequency of greater than 50% were retained 
for both). The bootstrap analysis used 1000 fast stepwise addition replicates. The strict 
consensus tree is show for each algorithm.
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RESULTS
The goal of my dissertation research was to contribute to a better understanding of 
the normal role of Src in metazoans. I took advantage of the completely characterized 
genome and proteome of C. elegans and the molecular and reverse genetic approaches 
available in this organism to identify and charaeterize the function and expression of two 
Src family kinases (SFKs), src-1 and src-2. For each gene I determined the intron/exon 
structure, detected mRNA transcript in embryonic, larval, and adult stages, and 
characterized the knockout phenotype. The availability of SFK gene and protein 
sequences from a wide range o f organisms led me to conduct a phylogenetic analysis of 
SFKs to investigate the evolutionary history of this important gene family. Finally, I 
developed a novel biochemical approach to identify protein targets o f Src tyrosine kinase 
activity, laying the groundwork for elucidation of the components and ultimate cellular 
targets of Src signaling pathways.
My thesis research is based on the identification of two Src-like genes in C. 
elegans. I began by confirming that src-1 and src-2 are both SFK members. This 
naturally led to the phylogenetic analysis that I present. Phenotypic data obtained from 
deletion alleles and knockout mutant strains aided in the delineation o f the roles that src-1 
and src-2 play in C. elegans growth and development. These results in combination with 
the information obtained from the characterization of the gene structure enhanced our 
understanding of the normal expression pattern by enabling the construction of cDNA
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probes (used for Real-Time PCR and gonad/embryo in-situs) as well as SRC-1 ::GFP and 
SRC-2::GFP eonstructs for microinjection. Finally, the putative Src kinase targets were 
identified by isolating phosphotyrosine-containing proteins and peptides from wild type 
and Src mutant strains of C. elegans.
C. elegans Contains Two Src Family Kinase Genes
The C. elegans genome contains two Src family kinase genes. One of these, src- 
1, was first identified by screening a C. elegans mixed stage cDNA library using a 
Drosophila melanogaster Src probe, and subsequently was found in the genome sequence 
database (Bei et a l, 2002; Pandey et a l, 2003). src-2 was identified by searching C. 
elegans genomic and cDNA sequence databases. Exhaustive searches of the complete 
genome sequence database revealed no additional SFKs present in the C. elegans 
genome. Both src-1 and sre-2 encode proteins containing all the conserved domains and 
residues that define the Src family, as discussed below.
src-1 Gene Structure The src-1 gene spans over 13 kb o f genomic sequence.
The gene is composed o f 7 exons, 6  o f whieh are eoding. Table 3 lists the size of each 
exon and intron, as well as the number of amino acids encoded by each exon. The 
cDNA is 2615 nucleotides long, encoding a polypeptide of 533 amino acids. The C. 
elegans sequence database (maintained by the Sanger Center: http://www.sanger.ac.uk) 
exhibits a predicted hypothetical protein (Y92H12A.1; GenBank accession #
AAK29735). This prediction was empirically inspected and corrected using EST 
alignments, a previously published cDNA sequence (Thacker and Capecchi, 1997), and 
RT-PCR (in conjunction with cDNA sequencing) concentrating on exon/intron 
boundaries. Table 4 lists important primers used in this analysis.
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# of Coding 
nucleotides
# Amino 
Acids Intron # of bp
1 89 0 1 581
2 85 77 25 2 2663
3 333 333 1 1 1 3 1251
4 152 152 51 4 2058
5 349 349 116 5 2895
6 482 482 161 6 1203
7 1132 209 69
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Table 4: Primer Locations within Cloned cDNA and Spliced Y92H12A.1
Primer # Orientation Location Exon # w/in Location w/in
w/in Thacker Thacker Y92H12A.1
JC 60 Upper 789-812 bp 5 692-715 bp
JC 62 Lower 1455-1478 6 1358-1381
JC 98 Upper 182-204 3 85-107
JC 99 Upper 320-339 3 223-242
JC 112 Upper 512-535 4 415-438
JC 113 Upper 636-657 4 539-560
JC155 Lower 450-473 3 353-376
JC 156 Upper 1011-1034 6 914-937
JC301 Upper 372-392 3 275-295
JC302 Lower 1145-1162 6 1048-1065
JC 320 Upper 1278-1299 6 1181-1202
JC 321 Lower 2496-2517 7 / 5 ’ UTR Not present
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The majority of the src-1 cDNA obtained by RT-PCR was sequenced with primer pair 
JC301/302, which was used to amplify the region between exon 3 and 6 , and primer pair 
JC320/321, used to amplify the region which encompasses exons 6  and 7 (Figure 1).
This analysis supported the cDNA strueture reported by Colin Thacker (Thacker 
and Capecchi, 1997) and identified several errors in the computer prediction as viewed on 
Wormbase. Figure 2 compares the aetual cDNA structure with the computer prediction. 
The major differences are: 1) identification of an additional upstream exon (in the 
cDNA), 2) combination of a larger exon five (combining two of the predicted exons), 3) 
reduction in the length of exon 6 , and 4) extension of exon 7 (combines two predicted 
exons and includes the 3’UTR). The correct gene and resulting protein structure is 
diagrammed in Figure 3. Exon 3 eneodes the SH3 domain, exon 4 and part o f exon 5 
encode the SH2 domain, and the second half of exon 5 through the beginning o f exon 7 
code for the kinase domain.
src-2 Gene Structure src-2, also referred to as kin-22, is found within cosmid 
clone F49B2. The src-2 gene region covers approximately 6.5 kb and is comprised o f 8  
coding exons (Figure 4). The mRNA is 1524 bp and encodes a protein of 507 amino 
acids. Table 5 provides information on the size of each exon and intron, as well as the 
number of amino acids encoded by each exon. Wormbase’s computer prediction o f src-2 
gene structure was confirmed by EST alignments (ykl 1119.5, yk331d.5, yk256f2.5, 
ykl 1119.3) which spanned the entire gene and by RT-PCR (to confirm all exon 
junctions). Essential primer pairs for cDNA sequencing were JC324/331 (exons 1-5) and 
JC326/327 (exons 5-8) (Table 2).
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# of Coding 
nucleotides
# Amino 
Acids Intron # of bp
1 318 246 82 1 48
2 122 122 40 2 860
3 122 122 41 3 785
4 198 198 66 4 635
5 71 71 24 5 1655
6 264 264 88 6 59
7 289 289 96 7 983
8 329 212 70
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Protein Structure and Evolution o f src-1 and src-2
Both src-1 and src-2 exhibit all hallmarks of Src-family tyrosine kinases 
including Src homology (SH) domains SH2 and SH3, catalytic kinase domain, and a C- 
terminal domain containing a tyrosine residue implicated in negative regulation of the 
kinase activity (Figure 5). Several critical residues conserved among all Src-family 
kinases are found in both SRC-1 and SRC-2, including: glycine (the second amino acid) 
essential for myristylation-mediated membrane localization, lysine 290 (SRC-1) and 268 
(SRC-2) essential for ATP-binding and catalytic activity, tyrosine 416 (SRC-1) and 389 
(SRC-2j associated with protein activation, and C-terminal tyrosines 528 (SRC-1) and 
500 (SRC-2) necessary for regulation of catalytic activity. Table 6 compares the location 
of these critical residues in C. elegans with their locations in human Src and chicken Src. 
SRC-1 shares 45% overall sequence identity with chicken pp60‘^'®'^ ‘^ (Takeya and 
Hanafusa, 1983). In general, sequence conservation across the kinase domain is strongest 
when compared with human and Drosophila Src (Figure 6).
An alignment of human Src and Fyn with C. elegans SRC-1 and SRC-2 proteins 
(Figure 7) shows the sequence similarity and location of the conserved SH3, SH2, and 
kinase domains (and critical residues contained within each). Interestingly, SRC-1 is 
62% identical (72% similar) to human c-src and SRC-2 is 64% identical (77% similar) to 
human Fyn; however SRC-1 and SRC-2 are only 57% identical to each other. This 
suggests that src-1 is orthologous to human Src and src-2 is orthologous to human Fyn.
To further elucidate the evolutionary history o f src-1 and src-2 in C. elegans, we 
searched all available protein databases and collected SRC family protein sequences from 
several metazoan species. The sequences were aligned using ClustalW and an
49
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Figure 5: SRC-1 and SRC-2 Protein Structure
C. elegans SRC-1
K290 Y416 Y528
MG — SH3 SH2 Kinase
K268
C. elegans SRC-2 
Y389 Y500
MG  SH3 SH2 Kinase
Figure 5: Diagram of the C  elegans SRC-1 and SRC-2. The SH3, SH2, and kinase 
domains are boxed and the positions of critical amino acids conserved among all Src- 
family members are indicated. These include the initiator methionine, glycine 
(important for myristylation-mediated membrane localization), lysine (necessary for 
ATP-binding and catalytic activity), and tyrosine residues (targets of regulatory 
phosphorylation which control the catalytic activity of the protein).
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(Glycine ) 02 02 02 02
ATP binding site 
(Lysine) K297 K295 K289 K281
Phosphotyrosine 
within the catalytic 
domain Y418 Y416 Y417 Y388
Phosphotyrosine 
necessary for 
negative regulation Y529 Y527 Y528 Y499
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Figure 6: Comparison of Kinase Domain Sequence Similarity
Hs Src <  ■> HsFyn
6 2 % ^  ^ 4 %
Ce SRC-1 < >  Ce SRC-2
/ o7%
57%Dm Src64 ^ ^  Dm Src41
Figure 6: Representation of the sequence similarity between the kinase domains of the 
Src and Fyn proteins from H. sapiens (Hs), C. elegans (Ce), and D. melanogaster (Dm).
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Figure 7: Human and C. elegans Src and Fyn Protein Alignment
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Figure 7: Human and C. elegans Src Fyn Protein Alignment Continued
430 440 450 460 470 480
F G L A R - L I E D N E I t A R Q G A K F P IK W T A P E A A L Y G R F T IK S D V W S F G IL L T E L T T K G R V P Y  H s  S r c  
F G L A R - L I E D N e I t A R Q G A K F P IK W T A P E A A L Y G R F T IK S D V W S F G IL L T E L V T K G R V P Y  H s  F y n  
FG LA R K LM EED i I e A R T G A K FP IK W T A PE A A T C G N FT V K S D V W SY G IL L Y E IM T K G Q V P Y  C e  S R C - 1  
F G L A R IL M K E N e I e A R T G A R F P IK W T A P E A A N Y N R F T T K S D V W S F G IL L T E IV T F G R L P Y  C e  S R C - 2
490 500 510 520 530 540
PG M V N R EV L D Q V E R G Y R M P C PPE C P E S L H -D L M C Q C W R K E PE E R PT FE Y L Q A F L E D Y E T S H s  S r c  
P G M N N R E V L E Q V E R G Y R M P C P Q D C P IS L H -E L M IH C W K K D P E E R P T F E Y L Q S F L E D Y E  t a  H s  F y n  
PG M H N R EV V E Q VELGYR M PM PR GC PEQ IYEEV LLKC W DKTPD R R PTFD TLYH FFD DYE vs  C e  S R C - 1  






Figure 7: A protein alignment constructed in ClustalW of human Src and Fyn with C. 
elegans SRC-1 and SRC-2. The conserved domains o f SFKs are contained within 
labeled boxes and residues critical for Src protein activity is shaded. These residues 
include the first glycine residue crucial for myristylation, FLVRESE which binds the 
C-terminal tyrosine residue, lysine 295 which binds ATP, and tyrosine residues 
within the catalytic domain and C-terminal end.
54
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
unrooted tree was constructed using the neighbor-joining method (Figure 8). The most 
striking feature of this tree is that all invertebrate SFKs group separately from all 
vertebrate SFKs. The tree contains three clades, two of which represent SrcA and SrcB 
members, the two major subdivisions of the SFKs. The third clade contains SRC related 
kinases from C. elegans and Drosophila. The grouping within this third clade reveals that 
C. elegans SRC-1 and SRC-2 are most related to Dsrc-64 and Dsrc-41, respectively 
(Pandey et a l, 2003).
I collected additional Src and Fyn protein sequences from a range of metazoans 
and analyzed these sequences to elucidate their evolutionary relationship. Protein 
sequences were aligned using ClustalX (see Appendix), and PAUP was used to construct 
rooted maximum parsimony and neighbor-joining trees (Figures 9 and 10, respectively). 
A tree was also constructed using Mr. Bayes (data not shown). C. elegans c-abl, a distant 
but related tyrosine kinase, was used as an outgroup for all analysis, c-abl shares a 
common ancestor with Src, but all sequences within the tree are more closely related to 
each other than they are to c-abl (Hoffmann et a l, 1983; Reddy et a l, 1983).
Each of these trees supports the major result of our previous analysis; all 
vertebrates SFKs included in the analysis group together and separate from all 
invertebrate sequences. This vertebrate clade is supported by a high bootstrap value 
(100) for the parsimony tree and a modest value (58) for the neighbor-joining. This 
further implies that the vertebrate SFKs may share a common ancestor with one of the 
invertebrates SFKs. However, the different analyses do not concur on which one. The 
neighbor-joining tree (Figure 10) suggests that src-2 is more closely related to all 
vertebrate SFKs, while parsimony (Figure 9) in conjunction with Bayesian analyses
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Figure 8: Phylogenetic Relationship Among Src Family Members
O n 8(064
/







\  A  HaLyn
HaHck RmLyn MmLynMfliLOk
Figure 8: Phylogenetic relationship among Sre family tyrosine kinases. Sequence 
abbreviations: C. elegans (Ce), Drosophila melanogaster (Dm), Xiphophorus helleri 
(Xh), Xiphophorus xiphidium (Xx), Xenopus laevis (XI), Gallus gallus (Gg), Mus 
musculus (Mm), Rattus norwegicus (Rn), and Homo sapiens (Hs). ClustalW was 
used for the multiple alignment and the tree was constructed using the neighbor 
joining algorithm. The dots in the figure represent bootstrap values greater than 85% 
for 500 trials.
(Figure from Pandey et al, 2003)
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Figure 9: Phylogenetic relationship among Src and Fyn SFKs. Protein sequences were 
obtained via BLAST searches of all databases and aligned utilizing ClustalX. The 
phylogenetic tree was constructed with PAUP and the Parsimony tree algorithm. The 
branch lengths are to scale; the bootstrap values were obtained from 1000 trials.
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Figure 10: Phylogenetic relationship among Src and Fyn SFKs. Protein sequences were 
obtained via BLAST searches o f all databases and aligned utilizing ClustalX. The 
phylogenetic tree was constructed with PAUP and the neighbor-joining tree algorithm. The 
branch lengths are to scale; the bootstrap values were obtained from 1000 trials.
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indicate src-1 is more closely related to all vertebrate SFKs.
BLAST search results (not shown), pairwise alignments, and various genome 
project annotations suggest orthologous relationships between C. elegans src-1 and 
human Src as well as C. elegans src-2 and human Fyn. My phylogenetic analysis 
indicates the situation is more complex. The trees do support an orthologous relationship 
among invertebrate src-2 with Dsrc41, but are inconclusive with respect to an 
orthologous relationship between vertebrates and invertebrate SFKs. Overall, my 
phylogenetic analysis of SFKs establishes a clear orthologous relationship among the 
invertebrate SFKs and suggests that all vertebrate SFKs share common ancestry with 
only one of them.
Comparison o f C. elegans and C. briggsae SFKs
Recently a draft genome sequence of the nematode C. briggsae has been 
completed and released (Harris et a l, 2004). While virtually indistinguishable in 
appearance, C. elegans and C. briggsae rRNA data suggesting they diverged 80-100 
million years ago. Comparison of the Sre family genes in these two nematodes showed a 
clear orthologous relationship between C. elegans src-1 and C. briggsae's gene number 
22259 and C. elegans src-2 with C. briggsae gene number 08738.
Figure 11 compares the gene structure for src-1 to its putative C. briggsae 
homolog (gene name: CBG22259). The C. briggsae homolog is considerably shorter 
(due to size of introns) than src-1 (2,761 bp versus 13,273 bp, respectively). However, 
for all common introns, the splice sites are exactly conserved supporting an orthologous 
relationship. Since the best evidence of orthology is provided by the combination of
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phylogeny and synteny (Doyle and Gant, 2000), I examined the extent of synteny 
between C. elegans src-1 and C. briggsae gene 22259 genomic regions, using the synteny 
viewer of Wormhase (http://www.wormbase.org). The synteny between these regions 
extended at least five genes on either side of the respective Src gene; providing strong 
support for an orthologous relationship between C. elegans src-1 and C. briggsae gene 
22259 (Figure 12).
The conservation of gene structure between src-2 and its C. briggsae homolog 
(CBG08738) is much more pronounced than with src-1. Although the C. briggsae 
homolog is approximately half the length (due to smaller intron size) of its C. elegans 
homolog, almost all o f the exons are identical. The one exception is the combination of 
exons 6 and 7 in C. elegans, either through the loss of an intron in C. briggsae or a gain 
of an intron in C. elegans. The splice sites have been conserved for all of the shared 
introns (Figure 13). Comparison of the surrounding genomic regions revealed 120 kh of 
synteny surrounding src-2 and GBG08738, corresponding to at least four “upstream” 
genes and at least fourteen “downstream” genes o f src-2 (Figure 14). This supports the 
conclusion that C. elegans src-2 and C. briggsae gene 08738 are orthologs.
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src-l(cj293) Deletion Allele Structure
To elucidate the function of src-1 in C. elegans, Jennifer Hogan isolated a src-1 
loss-of function allele using reverse genetics (Bei et al., 2002; Hogan, 1999). Briefly, 
worms were mutagenized with N-ethyl-N-nitrosourea (ENU) and screened via PCR for 
deletions in the src-1 region. One strain, src-l(cj293), containing a deletion of 
approximately 5 kb in src-I, was isolated and characterized. src-l(cj293) confers a 
Maternal effect lethal (Mel) phenotype. The c/293 deletion allele is maintained in the 
heterozygous state balanced with the translocation 6^zTl(I;X). The translocated 
chromosome pairs with linkage group X during meiosis and reduces the loss of src- 
I{cj293) due to recombination (Fodor and Deak, 1982; Fodor and Deak, 1985; McKim et 
al, 1988). This balanced strain is designated TW416 (Table 1).
When TW416 was constructed, the sequence of the src-1 gene region was still not 
available from the C. elegans sequencing consortium. To identify the exact deletion end 
points of c/293 I sequenced this region in wild type and c/293. Since we knew that the 
deletion was at least 4.5kb (Hogan, 1999), I designed primers flanking the deleted region 
that would generate a DNA fragment small enough (1.5 kb) to be amplified under 
standard PCR conditions. Two sets of nested primers JC98/62 and JC301/302 spanning 
the deletion were designed, synthesized, and used to sequence the corresponding PCR 
product from each background. This analysis revealed that the deletion is 5380 bp long, 
starting within intron 3 (sequence coordinate from Y92H12A.1, 4220 bp) and ending in 
intron 5 (sequence coordinate of Y92H12A.1, 9600 bp).
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Figure 15 shows the gene structure of c/293 and indicates the protein domains 
removed by the deletion. The deletion removes exons 4 and 5, which code for the entire 
SH2 domain and the first 41 amino acids of the kinase domain. Preliminary RT-PCR 
data suggest that the gene is transcribed and prematurely cleaved and polyadenylated 
(within intron 3). This transcript could encode a truncated protein of 137 amino acids 
lacking everything downstream of the SH3 domain (Bei et a l, 2002; Hogan, 1999). The 
resulting protein would be kinase inactive due to the loss of the SH2 and kinase domain 
and their key regulatory residues. Hence, 1 conclude that c/293 is a src-1 knockout.
Phenotypic Characterization src-l(cj293)
src-l(cj293) confers a recessive maternal effect lethal (Mel) phenotype; 
homozygous c/'293 animals from heterozygous mothers are viable, fertile, and exhibit a 
squat, kinky, egl-like phenotype (Ske). However, offspring of homozygous c/'293 
mothers die as embryos. Embryonic lethality is completely penetrant since 100% of the 
embryos bom from homozygous c/‘293 mothers fail to hatch (Hogan, 1999). Further 
characterization of this phenotype revealed that these embryos exhibited complete 
absence of morphogenesis and produced extra gut cells (Bei et a l, 2002; Hogan, 1999). 
In addition to the src-l{c]293) lesion, a second genetically linked mutation is present in 
the src-l{cj293) mutant background. This allele, c/294, produces a recessive squat, 
kinky, egl-like phenotype (Ske) that can be segregated away from c/293. The c/294 
mutation has been useful as a marker to follow the src-1 locus in genetic crosses.
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To confirm that the Mel phenotype was caused by the src-1 (cJ293) deletion and not 
another mutation in the strain, src-1 was knocked out hy RNA-mediated interference 
(RNAi). Consistent with the Mel phenotype, RNAi targeting of src-1 induced an 
identical embryonic lethal phenotype (Bei et a l, 2002). I utilized the Ske phenotype in 
combination with PCR amplification of c/293 to verify the presence o f the src-1 deletion 
when producing a double knockout strain.
src-2(ok819) Deletion Allele Structure
To investigate the function of src-2 ,1 obtained a src-2 knockout strain, RB936, 
from the C. elegans Knockout Consortium. RB936 is homozygous for the src-2 deletion 
allele, ok%\9. Analysis o f the deletion sequence and location revealed that okè\9  is a 
2426 bp deletion extending from 169 bp upstream of the src-2 start codon to the middle 
o f exon 4 (Figure 16). The deletion removes the spliced leader site, the entire 5’UTR, the 
start codon, and total of 506 coding base pairs. If a stable transcript is produced that is 
able to be translated (no difficulty splicing the forth intron), the resulting protein would 
lack the SH2 and SH3 domains. The loss of these domains would render the truncated 
protein unable to fold correctly and more than likely affect association with target 
proteins. However, it is unlikely that the remaining portion of the gene would be 
transcribed and translated. In fact, translation initiated from the first ‘AUG’ downstream 
of the deletion endpoint in exon 4 would be out of frame with the src-2 normal reading 
frame. In the new reading frame a stop codon would be encountered after translation of 
four amino acids. Thus, I conclude that ok%\9 is a src-2 knockout.
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SH2 Kinase - Y  —
Figure 16: The location o f ok%\9 deletion in C. elegans src-2 gene as well as the 
corresponding portion o f protein lost due to the genomic deletion.
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Detection the ok&\9 deletion allele was completed with PCR primers (JC355/356) (Table 
2) flanking the deletion. This primer pair amplifies a 528bp fragment from RB936 DNA 
and a 2953bp fragment from wild type (N2) DNA (Figure 17).
Expression o f the src-2(ok819) Deletion Allele
In order to discern whether the oA819 is expressed at the transcriptional level; I 
isolated total RNA from wild type and RB936 and used RT-PCR to detect src-2 
transcripts at both the 5’ and 3’ end of the gene. Figure IS illustrates the location of the 
primers utilized in the RT-PCR reactions. Primer pair JC378/379, located at the 5’ end 
of the deletion (located in exons 1 and 4, respectively) yielded a 446 hp fragment from 
wild type RNA (Figure 19). As expected, this band was absent from RB936 RNA 
(Figure 19). A larger, non-specific band is present, but was not observed with more 
stringent PCR conditions. The lack of expression of the 5’ end was confirmed hy RT- 
PCR with a second primer pair, JC324/325, located in exon 3 (within the deletion) and 
exon 6 (after the deletion) respectively (Figure 18). This yielded the expected 701 bp 
PCR product from N2 RNA; no product was detected with RB936 RNA (Figure 20). To 
detect the 3’ end of the src-2 transcript, primer pair JC347/348 located in exon 6 and 8 
respectively, amplified 423 hp fragments from both N2 and RB936 RNA (Figure 20). It 
is clear that src-2{ok&\9) transcript is made, hut it is still unknown whether this is driven 
hy the original or an ectopic promoter. However, as mentioned previously, the resulting 
transcript would not produce a kinase active protein.
70
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Figure 17: Detection of the src-2(ok^\9) Deletion Allele
2 . 3 4 5 6
2953 bp
528 bp
Figure 17: 1% TAB gel after diagnostic PCR for detection o f the 528 bp 
deletion allele found within strain RB936. The wild type src-2 allele is 2953 
bp. Primers (JC355 and 356) flank the deletion sequence. Sample order: 
BioLabs Ikb ladder (lane 1), RB936 DNA (lanes 2-3), N2 DNA (lane 4), 
F49B2 DNA (lane 5), and negative control (lane 6).
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Figure 18: The location of okSl9  deletion in C. elegans src-2 gene as well as the 
location of the PCR primers used to detect the presence/absence o f the src-2{ok^\9) 
transcript in the RB936 strain. Primer pair JC 378/379 spans exon 1 through 4 and 
produces a 446 hp fragment in wild type cDNA. Primer pair JC 324/325 amplified 701 
bps between exon 3 and 6 in wild type cDNA only. The primer pair located at the 3 ’ end 
o f the src-2 gene, JC 447/448 produced a 423 bp fragment in both wild type and RB936 
cDNA.
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Figure 19; Expression of the 5 -End of the src-2(okS19) Deletion Allele
446 bp
Figure 19; 1% TAB gel after RT-PCR amplification of the 5’-end of the ok%\9 
deletion allele with primers Jc378/379 located 446 bp apart within the deleted 
sequence (exons 1 and 4 respectively). Lane order: BioLabs 100 bp ladder (1), N2 
RNA (2-3), RB936 RNA (4-5).
73
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Figure 20; Expression of the 3’ End of the src-2(ok^\9') Deletion Allele
Figure 20: 1% TAB diagnostic gel for presence/absence of the 3’end o f the 0^819 
transcript. Bands present in lanes 2-7 were amplified with primers Jc324/325 located 
within the deletion whereas bands present in lanes 8-13 were amplified with primers 
Jc347/348 located at the 3’ end o f the src-2 gene (after the ok%\9 deletion). Sample 
order: BioLabs lOObp ladder (lane 1), N2 RNA (lanes 2-4 and 8-10), RB936 RNA 
(lanes 5-6 and 11-12), negative control (lanes 7 and 13).
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src-2 RNAi and Deletion Allele Phenotype
To elucidate the role src-2 plays in C. elegans, I observed RB936 animals under 
normal laboratory conditions as well as at 15°C, 25°C, and in response to lack of food.
The nematodes appeared wild type in all respects. The same results were obtained when 
src-2 was knocked out using RNAi. Similar results were reported by Julie Ahringer 
(University o f Cambridge, Cambridge, England; personal communication) (Fraser et a l, 
2000). While no mutant phenotype was observed in the deletion background or by 
RNAi, I cannot rule out the possibility that a more subtle phenotype may be revealed with 
further analysis.
Construction o f src-2/rrf-3 Strain TW447
To screen for a possible synthetic phenotype (a phenotype observable only in 
another mutant background) for src-2 and search for src-2 targets, I developed a src- 
2!rrf-3 strain, TW447 (Table 1). This strain will be used for an RNAi screen of a cDNA 
library obtained from Mark Vidal (Harvard Medical School). The likelihood of 
identifying a synthetic phenotype for src-2 (o&819) is enhanced in the rrf-3 background 
because the rrf-3 mutation increases RNAi sensitivity (Simmer et a l, 3 A.D.; Simmer et 
al, 2002; Simmer et a l, 2003).
Construction of TW447 was accomplished using standard genetic crosses 
between the homozygous rrf-3 and RB936 strains. Identification of nematodes 
homozygous for rrf-3 and src-2{ok%\9) was verified using the temperature conditional 
mutation {rrf-3), PCR with primers JC356/355 for detection o f ok%\9, and primers 
JC362/363 to detect the presence of the wild type allele. Figure 21A shows the presence
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of the 528 hp PCR product corresponding to the ok%\9 deletion allele in 4 of the 5 
populations. Figure 2 IB shows that the 244 bp PCR product corresponding to the src-2 
wild type allele is present in 3 o f the 5 populations. Combined, this data indicates that 
two populations (24 and 56) are homozygous for the src-2{pk^\9) deletion allele. Thus 
the r//-5/RB936 strain has heen successfully constructed and is ready for the RNAi 
screen to be completed.
Construction and Phenotype o f the src-l/src-2 Double Knockout Strain TW446
Since src-2{ok^\9) produced no informative phenotype and src-1 {cj293) exhibits 
a maternal effect lethal phenotype (but no zygotic phenotype), I constructed a src-1 src-2 
double knockout to investigate if  the loss of both Src genes enhanced the Mel phenotype 
of src-1, or caused a novel zygotic phenotype. Construction and detection o f the double 
knockout strain, TW446, was accomplished using the SKE phenotype linked to src-1 and 
PCR amplification of deletion and wild type alleles.
Specifically, male RB936 worms were crossed with L3 hermaphrodite TW416 
animals producing FI offspring heterozygous for src-l(cj293) and src-2{okS\9). The 
presence of the SKE phenotype was used as an indication (along with embryonic 
lethality) of the maintenance of cj293 within the new strain. PCR with primers 
JC356/355 were used to identify populations (originating from a single animal) 
homozygous for ok%\9. A second primer pair, JC362/364, detected the presence of the 
wild type src-2 allele. Figure 22 A shows the presence of the 528 bp fragment (oÆ819 
deletion) in all strains except two. Figure 22B shows that the 338 bp fragment (wild type 
allele) is missing from all but 4 lanes. Combined, this information delineates the 
occurrence of three separately propagated populations that are homozygous
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Figure 21: RB936/RRF-3 Diagnostic PCR
Figure 21 : A) The 528 bp band indicates the presence of the deletion allele, 0^819. B) 
The 244bp band correlates with the presence of the wild type src-2 allele. Sample order: 
BioLabs lOObp ladder, plate # 16, 24, 26, 32, 56, N2 DNA, RB936 DNA, mix of RB936 
and N2 DNA, and negative control (lanes 1-10 respectively).
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Figure 22: Diagnostic PCR for Double Knockout Strain
2 3 4 5 6 7 8 9 10 1 1 12 13 14 15 16 17 18 19 20 21
Figure 22A: Primers (JC356 and 355) flanking the deletion allele amplifies a 528 bp 
hand with the presence of the src-2 deletion allele (ok819). Sample order: BioLabs 
100 bp ladder (lane 1), plates number 1-15 (lanes 2-16), N2 DNA (lane 17), RB936 
DNA (lane 18), mix ofN 2 and RB936 DNA (19-20), negative control (21). Figure 
22B: Primers (Jc362 and 364) amplifies a 338bp fragment when the wild type allele is 
present. Same sample order as figure A.
78
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
for the src-2{ok%\9) deletion allele: plates 12, 14, and 15.
Analysis of the double knockout phenotype was complicated due to the necessity 
to maintain the src-1 deletion in the heterozygous state. Worms were picked 
individually, especially those with a SKE phenotype, and allowed to produce progeny. 
The phenotypes of both the parent and their offspring were carefully monitored. 1 
observed the same Mel phenotype as seen with src-l{cj293); however no novel zygotic 
phenotype was detected.
The lack of any observable phenotype for the src-2 knockout suggests that it 
might be functionally redundant with src-1. However, the phenotype o f the src-1 src-2 
double mutant is indistinguishable from the src-1 single knockout. This could he 
explained if src-2 is funetionally redundant not only with src-1 but with some other 
undetermined tyrosine kinase(s) as well. Alternatively, it is possible (or likely, see 
discussion) that src-2 does have some unique function, hut it is not apparent 
phenotypically under the conditions we have assessed.
src-1 RNAi in the RB936 Background
src-1 (cj293) was maintained as a heterozygote in the src-1 src-2 double mutant 
complicating phenotypic analysis. To overcome this difficulty I used src-1 RNAi on 
RB936 worms as a second method of producing a src-1 src-2 double knockout. The 
result was the same. Embryonic lethality at approximately 98% was observed; however, 
no difference in the Mel phenotype and no novel zygotic phenotype were detected. The 
src-2 knockout has no apparent phenotype and the loss of src-2 does not produce a 
zygotic phenotype in the double knockout. The loss of src-1 produces a Mel phenotype 
in both the single and double knockout.
79
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Expression o f src-1 and src-2
The lack of a phenotype for src-2 presented several questions. First, is src-2 
expressed? Second, if  it is expressed at what level and during what life stage? Third, 
how does src-2 expression compare with src-12 I began to address these questions using 
semi-quantitative RT-PCR in conjunction with real time RT-PCR in order to detect src-1 
and src-2 transcripts. Total RNA was isolated from emhryos, each larval stage, adults, 
and mixed staged populations. Figure 23 is a photo of a gel containing 2 pg of each RNA 
sample used. Samples have been DNase treated and their concentrations equalized.
Semi-Quantitative RT-PCR
Total RNA (of equal starting concentration) from each life stage was RT-PCR 
amplified with src-1, src-2, and actin specific primers (in separate reactions). The band 
intensity of each RT-PCR product was used as an indication o f the relative starting 
concentration of RNA for each gene (or amount o f mRNA for specific gene at time of 
extraction). To standardize the amount of PCR amplification, I created an optimization 
curve for each gene by measuring the brightness/quantity o f RT-PCR product versus 
cycle number. Total RNA isolated from the mixed stage population was utilized for 
determination of the optimization curve.
The exponential phase o f the optimization curve for src-2 and src-1 was 
determined by removing samples every two cycles, starting with the 16* cycle. Actin, 
the internal control, was removed every cycle beginning with cycle #10. Figure 24 shows 
the exponential phase used to determine the cycle number to he used for comparison of 
expression levels. For src-1 and src-2, cycle #24 (lane 6) and for actin cycle #15 (lane 7)
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Figure 23: RNA Stages
Figure 23: Photo o f 1% TAE gel with 2|j,g o f DNase treated stage specific RNA used 
for semi-quantitative and real time PCR. Sample order: BioLabs 1Kb ladder, mixed 
stage, embryo, LI, L2/L3, L3/L4, L4/adult, adult (lanes 1-8 respectively).
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Figure 24: Exponential Phase of RT-PCR for src-1, src-2 and Actin
1 2 3 4 5 6 7 8 9 H) I l  12
actin 420 bp
Figure 24: PCR results of amplification src-1, src-2, and actin from c-DNA in order 
to determine exponential phase, src-1 and src-2 samples were removed every two 
cycles starting with cycle number 16 (lane 2, top and middle o f gel, respectively). 
Actin PCR samples were removed at the end o f every cycle starting with cycle 
number 10 (lane 2, bottom of gel).
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were chosen for use in the subsequent RT-PCR reactions because the band intensity for 
each sample was similar and since the cycle number was early in the exponential phase I 
was certain that the reaction was not close to saturation.
RT-PCR was conducted under standard conditions, using the cycle numbers 
determined above, and primer pairs JC 345/346 for src-1, JC347/348 for src-2, and 
JC349/350 for actin. The entire RT-PCR reaction, for each sample, was loaded on a TAE 
gel and the intensity of each band was measured (Figure 25); this was repeated in 
triplicate.
Figure 26 is a graph depicting the relative intensities of each band seen in Figure 
25. The major result was an impressive level of src-1 mRNA in the embryo versus that 
seen with src-2 and actin. src-2 transcript was detected, but at a low level with only 
slight fluctuations between larval stages. In contrast to the similarity in band intensity 
viewed by eye (Figure 25), the computer measurements indicated a fluctuation in the 
internal control, actin. This may be due to slight differences in amplification between 
samples or correlate with a variance in the expression of actin itself. Although the 
fluctuations were minor, it has been shown that expression of ‘housekeeping genes’ such 
as p-actin and GAPDH can he variable and highly specific for a particular experimental 
model (Dheda et a l, 2004). For this reason, and to confirm and potentially expand upon 
our semi-quantitative results, I used the same RNA samples for real time RT-PCR.
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Figure 25: Semi-Quantitative RT-PCR -  Stage Specific Gene Expression
1 2 3 4  5 6 7 8 9
Figure 25: RT-PCR of staged RNA samples after 24 {src-1 and src-2) and 15 
(actin) amplification cycles. Sample order (lanes 1-9) for all three genes are as 
follows: BioLahs 1Kb ladder, mixed stage N2 RNA, embryo RNA, LI RNA, L2 
RNA, L3 RNA, L4 RNA, adult RNA, negative control.
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Real Time RT-PCR
Real time RT-PCR provides a powerful method to quantify relative amounts of 
RNA through the use of fluorescently labeled gene specific probes. In order to minimize 
problems with DNA contamination, I designed primers that spanned at least one intron. 
After dénaturation of the template, the probe binds the single stranded RNA. During the 
elongation step, Taq polymerase displaces the reporter and quencher dyes (located at 
opposite ends o f the probe) allowing fluorescence emission (Bustin, 2000). Fluorescence 
is measured at the end of each elongation step of every PCR cycle; this signal is directly 
proportional to the number of molecules present at the end of the previous cycle.
Real time RT-PCR was carried out using Taqman probes and primers whose 
sequences are listed in Table 2. A serial dilution of total RNA template was utilized to 
determine src-1 and src-2 primer efficiencies. Since the efficiencies o f both primer pairs 
were approximately 90%, they were used as an internal control instead of actin.
The real time data supported the semi-quantitative data: src-1 mRNA levels were 
highest in embryos and at a constant but lower level for all other stages. Of all of the life 
stages, the amount o f src-1 transcripts was lowest in the adult stage (Figure 27). src-2 
mRNA levels, like src-1, were highest in embryos (Figure 28) but were considerably 
lower than src-1 levels, src-1 mRNA levels reached the critical threshold value 6 cycles 
earlier than src-2 levels, which at 100% primer efficiency equals 64 times more starting 
template. However, at my primer efficiency of 90% this is 42 times more template (value 
given is before normalization), src-2 mRNA levels dropped from the embryonic stage to 
the first larval stage (almost 15 times less starting template than src-1), then increases 
with the subsequent stages. Figure 29 shows a comparison of the relative mRNA levels
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(after normalization with the src-1 adult value) of src-1 and src-2 for each larval stage.
Taken together, the semi-quantitative and real time RT-PCR results indicated that, 
while both src-1 and src-2 transcripts are present in all stages, mRNA levels of src-I are 
much higher than src-2 in embryos. The src-1 embryonic mRNA levels, for this specific 
RNA isolate were considerably higher than any other stage for either src-1 or src-2. 
Initially, due to the Mel phenotype observed in src-1 {cj292>), I expected to detect a large 
amount of transcript in the adult animal. The high mRNA levels in src-1 embryos do not 
necessarily indicate zygotic expression in the embryo, since it is also possible that the 
transcripts are predominantly maternally supplied. In general, src-1 transcripts are 
present at low levels in the adult worm.
The real time RT-PCR and semi-quantitative RT-PCR analyses were conducted to 
address the question of when src-1 and src-2 transcripts are present during C. elegans life 
cycle. Results obtained from these analyses were from a single RNA isolate: thus, in the 
absence of treatment replication no statistical significance can be attached to the observed 
differences between treatments (larval stages). However, the detected transcript levels 
presented here support the more compelling evidence of gene expression seen with in-situ 
hybridizations and the SRC-1 ::GFP fusion construct, as described below.
Expression o f the SRC-1 ::GFP Construct
I used GFP fusions to monitor src-1 expression. This provided information on the 
cellular location of SRC-I protein in each stage. When designing the SRC-I ::GFP 
fusion, I amplified the src-1 promoter region from Y92H12A DNA with primers located 
upstream and within the gene. The src-1 insert is 3508 bp long starting 3348 bp upstream 
of the splice leader site and ending 62 bp into the first coding exon (Figure 30).
90
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.










2.3 kb Insert GFP
Figure 30: A) a sehematic representation o f the src-1 gene, Y92H12A.1, the relative 
location of the closest upstream gene, Y92H12A.2, and the location o f the src-1 insert 
fused to GFP. The arrows indicate the direction of transcription for both genes.
B) a representation of the src-2 gene, F49B2.5, the relative location o f the closest 
upstream gene, F49B2.4, and the src-2 insert that is fused to GFP. The arrows indicate 
the direction of transcription. Drawings are not to scale relative to each other.
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This sequence was amplified with primers containing artificial restriction sites in order to 
directionally clone the fragment into the GFP plasmid vector. The final SRC-1 ::GFP 
construct is 8019 bp.
The SRC-1 ::GFP construct was co-injected with a rol-6 containing plasmid along 
with extra genomic DNA. An extra-chromosomal complex array was formed that is lost 
at less than a 30% frequency (Mello et a l, 1991). The C. elegans strain containing the 
SRC-1::GFP construct is denoted TWEx448.
Expression of the SRC-1::GFP construct (strain TWEx448) was first seen in the 
embryo after gastrulation with little variation of expression from LI to adult (Figure 31). 
Bright fluorescence was predominantly observed lining the muscle cells, lumen, pharynx, 
vulva, and the neurons in the head (Figure 32). The intensity o f the signal was most 
likely caused by localization of the fused protein with the membrane enabling the GFP 
signal to he viewed more easily. The best explanation for localization of the fused 
protein is myristylation of the first glycine found within the src-1 insert. It is also 
important to note that there was no auto-fluorescence detected in any o f the nematode 
stages.
No expression was seen in the gonad or early embryo (gonads and embryos were 
dissected from the adult animal, photos not shown). While Mel phenotype predicts 
germline expression, the lack of signal is not significant since it is expected for 
extrachromosomal complex arrays which are notorious for failure to express in the 
germline.
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Figure 31; SRC-1 :;GFP Staged Expression Pattern
S
Figure 31 : Expression pattern o f the translational SRC-1 ::GFP construct. A) embryo 
(20X) B) early LI (63X), individual body-wall muscle cells and cells in head are 
outlined in GFP fluorescence C) LI (40X) shows expression o f individual body-wall 
muscle cells and pharyngeal muscle cells in the head region D) L2/L3 (20X) shows the 
same expression pattern seen in LI E) L3/L4 (2OX) F) adult (lOX) maintains the 
expression pattern observed in earlier stages.
93
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Figure 32: SRC-1::GFP Muscle, Vulva, and Neuron Expression
Figure 32: Expression pattern of the translational SRC-1 ::GFP construct. A) Body wall 
muscle cells (40X) B) Neurons in the head (40X) C) Muscle cells (a) and vulva (b) (20X)
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Gonad in-situ
Since extrachromosomal complex arrays are usually silenced in the germline 
(Fire, 1986); the lack of GFP expression in the germline was not surprising. However, it 
was important to characterize germline expression of src-1 and src-2 because the Mel 
phenotype indicated src-1 is maternally supplied and is necessary for early embryonic 
development. Early embryogenesis is largely dependent on maternally transcribed and 
supplied transcripts that are deposited in the egg cell before fertilization (Grimanelli et 
a l, 2005). These transcripts are later zygotically translated and direct development of the 
embryo and/or transcription of zygotic genes. For this thesis, I will refer to the detection 
of maternally supplied mRNA detected within the meiotic region of the gonad as gene 
expression. Germline gene expression o f src-1 and src-2 was elucidated through gonad 
in-situ hybridization.
The C. elegans gonad consists o f two identical U-shaped tubes that extend almost 
the entire length of the nematode and then reflux back to the middle (Figure 33). 
Morphogenesis of the gonad begins with two somatic cells called distal tip cells (DTCs) 
that grow out and away from the center of the worm, turning dorsally and migrating back 
toward the center of the animal (Jin, 1999). Germ cells undergo mitosis within the distal 
arm of the gonad (furthest end from the vulva); the germ cells gradually transition to 
meiosis as they move closer (proximally) to the vulva. Oogenesis begins at the turn of 
each gonad arm, once the oocytes are fertilized, the zygote moves through the 
spermatheca to the uterus where meiosis is completed (Kimble and Ward, 1988).
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Digoxigenin (DIG) labeled sense and antisense probes were used to detect src-1, 
src-2, and the positive control, K08A8.1. K08A8.1 is a gene known to exhibit strong 
germline expression (Kelly et a l, 2002). The DIG probes are bound by an anti-DIG- 
Alkaline Phosphatase conjugate which is detected by a redox reaction with NBT/BCIP 
and produces an indigo precipitate. Photos are o f just one of the two gonad arms and 
were taken in color as well as with fluorescence to detect DAPI staining of the nuclei.
As expected, src-1 was expressed in the meiotic region of the gonad (germline), while 
src-2 expression was not observed (Figure 34). No expression was seen in the negative 
controls (sense probes). The DAPI staining is bright in the distal arm due to the 
increased number of mitotic nuclei, whereas the staining (nuclei) is more spread out as 
you move to the proximal arm towards the vulva because the nuclei are contained within 
the large oocyte or developing zygote.
97
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.









Figure 34: Gonad in-situ with DIG labeled probes. All images were viewed at 20X 
and display one gonad arm. Columns A and B display expression of antisense 
probes src-1 (1), src-2 (2), K08A8.I (3). Columns C and D show the negative 
control (sense) probes src-1 (1), src-2 (2), K08A8.I (3). Columns B and D show 
the DAPI stained nuclei correlating with their respective color images from 
columns A and C.
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Embryo in-situ
I detected src-1 and src-2 transcripts within the embryo by performing embryo in­
situs hybridization. The approach involved embryo isolation, fixation on a glass slide, 
and hybridization with the same probes used to detect RNA transcripts in the germline. 
Transcript was detected with both src-1 and src-2 anti-sense probes, with the src-1 
transcript being detected throughout the embryo and at a higher level than src-2 (Figure 
35). The src-2 transcript was more localized in its presence and was often observed in 
older embryos (more than 4 cells). As can be observed in Figure 35, not all embryos for 
src-1 or src-2 show equal staining. This is believed to be due to an artifact of sample 
preparation (such as a poor freeze/cracking step that may reduce permeability of the 
probe). There were no stained embryos in the negative controls.
Taken together, the expression data shows that only src-1 is expressed in the 
germline of the adult nematode and the abundance of the src-1 transcript present in the 
embryo is dramatically higher than the src-2 transcript. These results support the Mel 
phenotype of the src-l(cj293) deletion allele. It appears that src-1 is indeed maternally 
supplied and essential for embryonic development. Additionally, while src-2 transcript 
was detected in all larval stages, no phenotype was detected in the src-2 mutants.
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Figure 35: Embryo in-situ with Dig labeled probes. Images were taken at lOX 
magnification. Image order: la) src-1 antisense probe lb) src-1 sense probe 
2a) src-2 antisense probe 2b) src-2 sense probe
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Identification o f Phosphotyrosine Peptides with Mass Spectrometry
To identify putative Src kinase targets, I isolated phosphotyrosine containing 
proteins and peptides from populations of wild type, src-1, and src-2 mutants. Proteins 
or peptides were subsequently identified through mass spectrometry analysis. The 
rationale o f this approach was to compare proteins isolated from each background and 
compare the phosphotyrosine containing protein or peptide profile o f each. This would 
identify both proteins whose phosphorylation on tyrosine was Src-dependent and 
candidate Src kinase targets.
Proteins were isolated from C. elegans strains RB936, RB936 with src-1 RNAi, 
N2, and N2 with src-1 RNAi from two larval stages: L3/L4 and adult. Total protein was 
isolated, quantified with a BCA assay, equalized, and 80 gg of each sample was loaded 
on a 5-18% gradient SDS and PAGE gel. Figure 36 shows the western blot o f total 
protein detected with a phosphotyrosine antibody. A distinct band of approximately 
-200 kDa is prevalent in each RNAi treated strain. Additionally, several proteins are 
observed in sample 5, RB936 {src-2 deletion strain) that are not seen in the RNAi treated 
lanes.
In order to identify dark bands found in the RB936 adult protein sample and 
potentially discover additional phosphotyrosine containing proteins, we performed 
immunopurification of all adult stage protein samples (isolated from eaeh mutant and 
wild type stage) by binding the proteins to phospho-tyrosine labeled beads (see Materials 
and Methods for details). Figure 37 shows a western blot o f the first two elutions from 
immunoprecipitated adult stage samples. The most prevalent differences observed were 
between RB936 and RB936 with RNAi of src-1. These two samples were run on a large
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Figure 36: Western Blot of Total Protein
233
1 2 3 4 5 6 7 8
135 k])*
Figure 36: Detection of stage-specific total isolated protein detected with a 
phosphotyrosine antibody and diluted to equivalent amounts (80 gg). Protein 
sample order: RB936 L3/L4 (Lane 1), RB936 L3/L4 with src-1 RNAi (Lane 2), N2 
L3/L4 (Lane 3), N2 L3/L4 with src-1 RNAi (Lane 4), RB936 adult (Lane 5),
RB936 with src-1 RNAi (Lane 6), N2 adult (Lane 7), N2 adult w/ src-1 RNAi 
(Lane 8).
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Figure 37: Western Blot of Immunoprecipitated Phosphotyrosine Protein Samples




Figure 37: Western of immunoprecipitated RNAi and wild type samples isolated from 
adult worms and detected with a phosphotyrosine antibody. Two phenylphosphate 
elutions: first spans lanes 2-5 and the second lanes 6-9. Sample order: protein 
standard (lane 1), RB936 protein (lanes 2 and 6), RB936 with src-1 RNAi (lanes 3 and 
7), N2 protein (lanes 4 and 8), N2 with src-1 RNAi (lanes 5 and 9).
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PAGE gel and one band from each sample was cut from the gel and sent to Ross 
Tomaino at the Taplin Biological Mass Spectrometry Laboratory (Harvard, 
Massachusetts) for mass spectrometry (MS) analysis (Figure 38).
The MS results indicated that the differentially regulated proteins, potentially in 
response to the presence or loss of src-1, were vitellogenins. For a protein to be listed 
there must be a minimum of two strong scoring peptides that match (as determined by the 
database-searching program, Sequest). The protein sample isolated from RB936 returned 
35 peptide matches which correlated with 2 proteins: vitellogenin-1 (20 peptide matches) 
and vitellogenin-2 (15 peptide matches). Protein sample RB936 with src-1 RNAi had 
185 peptide matches, 90 of which matched vitellogenin-3, 44 peptides with vitellogenin- 
1, 22 peptides correlated with vitellogenin 2, and 13 with vitellogenin-5. As is indicated 
by these results, each excised protein band actually contained several proteins. Perhaps 
additional Src targets were present in these bands, but at a reduced level in comparison to 
the vitellogenins.
While there is still mueh to learn about the phospho-tyrosine peptide profile of the 
various Src mutants, this proteomic approach addresses this question with two novel 
methods: 1) utilization of antibodies for detecting/purifying proteins and/or peptides 
isolated from mutant animals and 2) large scale RNAi to produce mutants. It was not 
known how quickly and completely RNAi would knock out or knock down Src protein 
activity. For this work, embryos were placed on RNAi and by the L3/L4 (of the same 
generation) the RNAi effect was observed (Mel phenotype for src-1) in nearly 100% of 
the animals, indicating RNAi is an effective technique for combination with proteomic 
approaches.
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Figure 38: Immunoprecipitated Proteins Sent for Mass Spec Analysis
RBV36 V ,/  
RNAi
$
Figure 38: Immunoprecipitated protein samples RB936 (adult) and RB936 with src-1 
RNAi (adult) run on a 5-15% gradient polyacrylamide gel. Bands indicated by the 
arrows were cut from the gel and mass spectrometry was performed on them
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DISCUSSION
The focus of my dissertation research was to characterize the function and 
expression of the C. elegans proto-oncogenes, src-1 and src-2, and utilize this 
information to acquire a better understanding o f the biological role o f Src in C. elegans 
and all metazoa. To investigate these problems I used a combination of molecular, 
genetic, biochemical, and proteomic approaches. C. elegans offers many advantages: 
ease of genetic crosses, a completed and extensively annotated genome and proteome, 
and the ability to generate transgenic and knockout lines relatively easily. The use of a 
model such as C. elegans to understand human biology is validated by an increasing body 
of evidence that genes, protein functions, and pathways are highly conserved across the 
metazoa.
Src-1 Fulfills a Unique Essential Function
My thesis extended upon the work of Jen Hogan who isolated the src-l{cj293) 
deletion allele and provided an initial description of the mutant phenotype. The maternal 
effect lethal phenotype of src-l{cj293) suggests that src-1 has a unique essential function 
in the early embryo and that src-1 is maternally expressed and supplied. I tested these 
predictions with a variety of expression studies. In-situ hybridization to C. elegans 
gonads (germline) confirmed that src-1 is expressed in the meiotic region of the germline. 
A high level of src-1 transcript was also observed in embryo in-situ hybridization, as 
shown by a rapid and dark colorimetric staining reaction, src-2 expression was
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undetectable in the germline. src-2 transcripts were detected in the embryo, but amount 
of transcript was much lower and more confined in its location than src-1. src-1 and src- 
2 transcripts from across all nematode larval and adult stages were also detected through 
semiquantitative and real time RT-PCR. src-1 transcripts were present at high levels in 
the embryo (50X greater than src-2), but declined in subsequent stages, with expression 
being the lowest in the adult worm, src-2 levels were low for every developmental stage 
with expression also being highest in the embryo and declining in each subsequent stage. 
While the RT-PCR work was based on a single RNA isolate, the results supported src-1 
and src-2 expression data obtained from in-situ hybridization. Specifically, my in-situ 
hybridization data revealed that src-1 is expressed in the adult germline. The real time 
data indicated the lowest amount of src-1 transcript was within the adult stage suggesting 
little or no src-1 transcript in the adult somatic tissue. The low level of src-1 transcript is 
likely a result o f increased number of cells in the adult worm that are not expressing src-1 
‘diluting’ the abundant message present in the gonad.
Analysis o f the SRC-1 ::GFP transcriptional reporter construct showed somatic 
expression of src-1 beginning in late stage embryo and continuing throughout all 
subsequent stages. GFP was detected lining muscle, neurons, pharynx, lumen, and vulva 
cells and was similar for all larval stages. Given the high level and widespread 
expression of src-1 in all stages, the lack of a zygotic phenotype for src-\{cj293) was 
surprising. Originally, 1 believed genetic redundancy explained this observation, yet 
phenotypic analysis of the src-2 knockout revealed no unique phenotype. This leaves the 
question: what, if  any, zygotic role does either Src gene play? To address this 1 generated 
a src-1 src-2 double knockout through both RNAi and traditional genetics. The
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phenotype o f this double mutant was indistinguishable from the src-l{cjl93) Mel 
phenotype. No additional characteristics were detected.
One interpretation of the lack of a zygotic phenotype (beyond the src-1 Mel 
phenotype) in the double knockout strain is that src-2 is redundant with src-1 in all larval 
and adult stages. It is plausible that the lack o f a zygotic phenotype in the double 
knockout is a direct result of the Src family kinases interacting within a multitude of 
signaling pathways that impact or enhance cellular responses, none of which rely 
completely on src-1 or src-2. Under this model, src-2 would have no function that is not 
redundant with src-1 as well as with at least one other tyrosine kinase.
However, the above explanation is at odds with the classic evolutionary models 
for the ‘survival’ of duplicate genes. In the classical model it is expected that duplicate 
genes originally have fully overlapping, redundant functions, but that in a relatively short 
period of time gene duplicates become non-functional pseudogenes (Force et a l, 1999). 
However, if  the population size is large enough, the fate o f most duplicated genes (50% 
or greater depending on the species) is to gain a new function rather than to become a 
pseudogene (Force et a/., 1999; Massingham et a/., 2001). My phylogenetic analysis of 
the Src gene family reveals that the two invertebrate SFKs diverged early, before or soon 
after the divergence of invertebrates and vertebrates. If src-2 was completely 
functionally redundant with src-1 and other kinases, it should have been lost long ago. 
Instead both src-1 and src-2 have been maintained within the C. elegans genome and 
they both continue to be expressed; indicating that they are not completely redundant. 
Additionally, these data suggest src-2 does indeed have a non-redundant function, but 
that it was not readily apparent in the limited range of condition under which 1 have
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searched. Further, more in depth, analysis may elucidate a unique functional property of 
src-2 in the zygote.
C. elegans src-1 and src-2: The Relationship between Function and Phylogeny
Homology is a central concept in evolution and systematics. Originally homology 
was used in relation to the evolutionary model of functional commonality, such as organs 
or structures that perform similar functions (Doyle and Gaut, 2000). In the context o f 
molecular evolution, the term homology refers to genes that are derived from a common 
ancestor and exhibit a conserved function. My research sought to delineate homology 
between the C. elegans SFKs and vertebrate SFKs through a phylogenetic analysis of Src 
and Fyn protein sequences. I also sought to relate this information to the function of ^ rc- 
1 and src-2.
Comparison of C. elegans src-1 and src-2 protein sequenee, structure, and 
function, suggest that src-1 is most similar to vertebrate Src and that src-2 is most similar 
to vertebrate Fyn. My phylogenetic analyses did not completely delineate orthologous 
relationships between src-1 and src-2 with mammalian Src and Fyn, but instead 
suggested that the common ancestor o f vertebrates and invertebrates contained only one 
SFK. Until further analyses are completed, it is most appropriate to refer to src-1 and 
src-2 as Src-like and Fyn-like, and not Src and Fyn orthologs.
Although orthologous relationships between the two SFKs in invertebrates and 
those in vertebrates were not supported by my phylogenetic analysis, a strong 
orthologous relationship has been established between C. elegans and C. briggsae for 
both src-1 and src-2. Significant regions o f synteny surround C. elegans src-1 and C. 
briggsae gene 22259 as well as C. elegans src-2 and C. briggsae gene 08738. Further,
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splice sites were extremely well conserved, and these genes consistently grouped together 
in phylogénie analyses.
Additionally, the orthologous relationship between C. elegans SFKs and those of 
other invertebrates is strengthened by functional conservation o f src-1 and src-2 with 
Drosophila Dsrc64 and Dsrc41, respectively. Overexpression of Dsrc64 causes lethality, 
while flies with redueed Dsrc64 function cause reduced fertility which is associated with 
defects in oogenesis (Dodson et a l, 1998; Takahashi et a i, 1996). Similarly, in C. 
elegans the complete loss of src-1 results in embryonic lethality, indicating an essential 
role in embryonic development. Taken together this suggests that src-1 has a common 
biological role in development in invertebrates.
Functional conservation is also observed between C. elegans src-2 and 
Drosophila Dsrc41 in that loss of function mutants produce no appreciable phenotype. 
Although src-2 may not be an ortholog of mammalian Fyn, structural and functional 
similarities between the two genes suggests that it may be possible to utilize functional 
vertebrate data to direct further analysis of src-2's biological role in C. elegans. Loss of 
src-2, Dsrc41, and Fyn (in mice) all produce mild to no mutant phenotype. However, a 
more subtle phenotype may exist that is not evident under standard laboratory conditions.
It has been shown that Src family tyrosine kinases are sensitive to oxidative stress 
agents such as H2 O2  and UV irradiation (Aikawa et a l, 1997; Devary et a l, 1992).
These stresses as well as exposure to a chemical or tactile stimulus may elicit a 
previously undetected mutant phenotype in RB936 or in the double knockout strain.
There is also the possibility that src-2 has a behavioral role in C. elegans. In mice, the 
loss of Fyn expression causes increased fearfulness (Miyakawa et a l, 1994), enhanced
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susceptibility to audiogenic seizures (Miyakawa et a l, 1995), impaired long-term 
potentiation and spatial learning (Huerta et a l, 1996; Kojima et a l, 1997), abnormality 
in suckling behavior (Yagi et a l, 1993), and changes in circadian rhythms (Shima et a l, 
2000). Fyn has been shown to have a low level o f expression in the neonatal brain, but a 
strong expression in the neurons of the adult forebrain (Kojima et a l, 1997).
Additionally, Fyn is expressed in the central nervous system and may be involved in the 
mechanism of neuronal signaling cascade (Shima et a l, 2000). Fyn-deficient mice also 
exhibited impaired myelination (Umemori et a l, 1994), which may be associated with 
the increased susceptibility to audiogenic seizures.
Although it is difficult to directly translate a mammalian phenotype to nematodes, 
the strong indication in mice that Fyn is expressed in sensory and motor regions of the 
brain, impacting learning and several behavioral traits, may suggest that src-2, a FYN- 
like tyrosine kinase, also plays a basic role in a behavioral pathway in C. elegans. 1 
would predict that the SRC-2::GFP translational construct, like SRC-1 ::GFP, will be 
strongly expressed in the neurons in the head of C. elegans. If these predicted results are 
observed, it would warrant further analysis of the phenotypic responses to chemicals, 
touch, UV, and oxidative stress, potentially illuminating a specific behavioral role for 
src-2 in C. elegans.
SRC Targets May be Revealed through RNAi in Combination with Mass Spectrometry
A major unanswered question relating to the normal function of Src tyrosine 
kinases is what biologically relevant pathways they interacts within. At the end of the 
results section 1 described experiments 1 developed as a novel approaeh to identify
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upstream effectors and downstream targets of src-1 and src-1 in C. elegans. The basic 
rationale was to compare the phosphotyrosine protein profile of SRC-1 versus SRC-2 
mutant populations.
Proteins isolated from large scale src-1 RNAi of N2 and RB936 staged nematodes 
were immunoprecipitated with phosphotyrosine antibody linked to protein-A beads. The 
tyrosine phosphorylated proteins were then sent for identification by mass spectrometry.
1 developed this method to be used for identification of the protein and targets of Src and 
the tyrosine phosphorylation sites. My first attempt showed differential phosphorylation 
of a 200 kDa and a 120 kDa protein between the double knockout and src-2 knockout 
strains. Mass spec identified these proteins as vitellogenins.
Vitellogenins, the precursors to yolk proteins, are encoded by a six gene family, 
are highly expressed in the adult hermaphrodite’s intestinal cells (Spieth et a l, 1991), and 
are among the most abundant proteins found in the developing embryo (Sharrock, 1983). 
While their main function is storage of amino acids necessary for embryonic 
development (Winter et a l, 1996); it has also been shown that vitellogenins are involved 
in transport o f cholesterol into oocytes (Matyahs et a l, 2001). Once synthesized in the 
intestine, the vitellogenins are secreted into the body cavity and subsequently taken up by 
the gonad (Spieth et a l, 1985). Chemical analyses has shown that vitellogenins are post- 
translationally modified through the addition o f phosphate and carbohydrate moieties 
(Gottlieb and Wallace, 1981). Post-translational phosphorylation has been reported in 
hoihXenopus laevis and estrogen stimulated rooster (Gottlieb and Wallace, 1981); thus it 
was not surprising that vitellogenin was detected with our phosphotyrosine antibody 
given its high abundance in the adult intestine as well as in the developing embryo and
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data suggesting vitellogenins are post-translationally phosphorylated (Gottlieb and 
Wallace, 1981; Sharrock, 1984). Despite the essential role of vitellogenins in 
development, surprisingly little is known about their biosynthesis or the influence of 
post-translational modifications upon their physical and biological properties (Wang and 
Williams, 1982). Our data provide evidence that vitellogenins are phosphorylated on 
tyrosine residues in C. elegans, potentially by the proto-oncogenes, src-1 or src-2.
It is also plausible that the high prevalence o f the vitellogenins overshadowed 
differential expression of less abundant proteins. To address the bias for abundantly 
expressed proteins, 1 modified my original approach of Src target identification with the 
addition of a trypsin treatment. Protein samples were bound to phosphotyrosine beads 
and subsequently digested with trypsin, immunoprecipitated a second time, and eluted 
with phenylphosphate. The remaining sample is expected to contain all phosphopeptides 
present at each stage, which when identified through mass spectrometry should reveal 
proteins regulated by src-1 and/or src-2.
Conclusion:
I have presented strong evidence that C. elegans src-1 and src-2 are orthologs of 
the two invertebrate SFKs found in C. briggsae and Drosophila. Expression data shows 
that the SRC-1 ::GFP translational construct is somatically expressed in the muscles, 
pharynx, and neurons in the head, with the highest level o f src-1 transcript detected in the 
embryonic stage. The most impressive result is the presence o f src-1 mRNA in the 
meiotic region of the gonad. This, along with the src-l(cj293) Mel phenotype, indicates 
that src-1 is maternally supplied and is essential for embryonic development, src-2,
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while present all larval and adult stages, displays no obvious mutant phenotype in either 
the single or double knockout strain. Collectively, these results suggest that, while src-1 
is essential for normal development in the early embryo, both Src genes are non-essential 
for survival of the larval and adult stages.
The failure to detect a phenotype for src-2 in the single or double knockout 
suggests a redundant role with src-1 and/or with other kinases; however since surviving 
duplicate genes are most often preserved because the gene acquired a unique function it is 
most probable that both of these genes have an important role not yet detected. Overall, 
the data presented in this thesis contributes to our understanding of the role of src-1 and 
src-2 in the development and life cycle of the nematode C. elegans. This knowledge may 
provide insight into the normal function of vertebrate Src and Fyn proteins in all metazoa, 
and provide information on the normal biological role of SFKs. It is important to 
elucidate the normal role of Src in order to understand its role in eancer and successfully 
design ideal candidates for targeted anti-cancer therapeutics.
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